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Abstract
This thesis reports a study, of the atomical and electrical propeities, as function of tilt 
angle for VLSI technology in silicon.
The ion species investigated have been arsenic, antimony and boron. Particular 
attention has been given to the dose loss and electrical activation as a function of the 
tilt angle in relation to the annealing conditions and the nature of the samples 
(crystalline or pre-amorphised). All the wafers have been implanted on the new 
SWIFT single wafer implanter realised by Applied Materials.
Thermawave (TW) measurements performed on all samples implanted with As, B, 
and Sb show high uniformity of the dose implanted (less than 0.5%) on pre- 
amoiphised (a-Si) and crystalline silicon (c-Si).
Rutherford backscattering spectrometry (RBS) has been performed in order to 
characterise the absolute dosimetry of the SWIFT implanter. Results obtained by RBS 
with an eiTor of 1.4% have found no significant eiTor in the implanter dosimetry. RBS 
measurements have also been performed to measure the retained dose for all samples 
before and after annealing for all the tilt angles investigated.
Secondary Ion Mass Spectroscopy (SIMS) has been performed on antimony and 
boron implanted samples to measure the atomic profile as a function of depth in order 
to quantify the retained dose, the projected range, the straggle, the peak concentration 
and the junction depth.
Hall measurements have been conducted to study the sheet resistance (Rs), Hall 
mobility (/Xh) and sheet canier concentration (Ns) as a function of the tilt angle for all 
the annealing conditions. Results show that Rs and Ns are functions of the tilt angle 
whilst jttH is independent of the tilt angle. Pre-amorphised wafers with germanium 
have also shown a better electrical activation (5%) and a lower junction depth (20-50 
nm) compared to the crystalline ones for all the implanted samples. Differential Hall 
Measurements (DHM) have been performed on some samples for each ion species for 
particular tilt angles in order to evaluate any diffusion of the dopant for different 
annealing temperatures and compared with SIMS profiles. Comparison between 
simulated and experimental data has shown a good agreement only for the as 
implanted profiles. Computer simulation software is not able to give accurate 
annealed profiles due to the complex mechanism that involves defects and diffusion 
during annealing.
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Introduction
The beginning of the electronic revolution stalled in 1948 when Bardein, Brattain and 
Shockley at Bell Laboratories fabricated the first transistor. The rapid advances in 
transistor manufacturing from 1960 were the results of sharing of technology between 
valions industry and academic laboratories. A major step was the creation of 
integrated circuits (IC), In 1965 Gordon Moore observed that the number of transistor 
per square inch on integrated circuits had doubled every year since the integrated 
circuit was invented. Moore predicted that this trend would continue for the 
foreseeable future. In subsequent years, the pace slowed down a bit, but data density 
has doubled approximately every 18 months law [1]. Plotted on a semi-log scale the 
number of transistors on a silicon chip, as a function of the date of availability, was a 
straight line indicating a doubling of capacity every year.
The first major problem was related to the doping of the silicon wafers. Initially, 
dopant was diffused into the wafer from a surface source such as doped glasses. To 
achieve reproducibility the dopant concentration at the surface was maintained at solid 
solubility. This seriously limited the possible dopant distributions that could be 
obtained. During the 1960s, the new method of ion implantation was developed, 
which largely satisfies the conditions of controllability and reproducibility and it 
became the method of choice for fabricating integrated circuits. The theory of ion 
implantation has been summaiised by Gibbons [2, 3]. During ion implantation, dopant 
atoms are accelerated and directed at a silicon substrate. They enter the crystal lattice 
colliding with silicon atoms gradually losing energy until they stop at some depth 
within the lattice. By adjusting the acceleration energy it is possible to control the 
average depth. A control of the implanted dose is realised by monitoring the ion beam 
current during implantation.
As device scaling continues precise control of the dopant placement becomes a 
critical requisite in the fabrication of high performance devices. Doping technology, 
more than any other process step, controls the ability to achieve overall practical goals 
of device scaling. The control of the dopant placement and concentration 
accommodates large drive cunent in minimal device dimension. As a consequence, 
one of the most critical aspects to the continued miniaturization of devices implies an
IX
increase in doping concentration and beyond the levels allowable by thermodynamics. 
The progression of this increase shows an enormous enhancement over the past 
twenty years in doping concentration. Single wafer systems ai*e designed to reach an 
angle beam control for sub-130 nm technology nodes.
Of almost equal importance for ion implantation is addressing repeatable and uniform 
placement of the dopant, fonnation of controlled channel-to-well profile, and 
obtaining the lateral abruptness of the source-drain extension junction into the 
channel. These challenges are directly related to the ion beam incident angle control. 
Implanted profiles show an extremely rapid rise and fall in the dopant concentration 
as a function of depth. Consequently small changes in ion energy will result in 
significant changes in doping concentration at the rising edge of the profile. This 
results in a variation of threshold voltage and other undesirable effects.
The aim of this project is to investigate the effect that the tilt angle has on the dopant 
profiles and dose implanted (retained and activated) for several ion species implanted 
into silicon and different annealing temperatures and times.
The layout of the thesis is as follows. Chapter 1 will describe the impact that the ion 
implantation technology has on CMOS process technology. Chapter 2 is a discussion 
of the theoretical background of ion implantation. Chapter 3 will be dedicated to the 
literature review whilst chapters 4 and 5 will be dedicated to the analysis technique 
and the experimental equipment details respectively. Chapter 6 will present the results 
obtained with their discussion. Finally I will summarise the conclusion of the project 
and identify possibilities for future work.
[1] http://www.webopedia.eom/TERM/M/Moores_Law.html
[2] J.F Gibbons “Ion implantation in semiconductor- Part I Range distribution theory 
and experiments” Proc. IEEE 56, (1968) 295
X
[3] J.F Gibbons “Ion implantation in semiconductor- Part II Damge production and 
annealing” Proc. IEEE 60, (1972) 1062
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C h a p t e r  1
I o n  IMPLANTATION IN CM OS PROCESS TECHNOLOGY
1.1 Introduction
Ion implantation, especially for doping of semiconductors, is an example of the 
successful exploitation of various technological sources. The continuous interest in 
ion implantation technology is due to the requirements for new applications for 
surface modification and thin film formation on increasingly larger area substrates 
and for fabrication of electronic devices with increasingly smaller sizes. New 
technologies for ion implantation, including implanters and processes, are under­
development to process substrate dimensions up to 600 mm and use of multiple 
implants at various beam incidence angles and energies for precise dopant profile 
control
The present state of ion implantation technology derives from the research conducted 
on accelerators used in nuclear physics research [1]. Ion implantation concepts were 
linked to the fabrication of planar* junctions starting in the early 1950’s [2].
The key challenge of the present day technology is the understanding of defect 
annealing (defect engineering) in the materials area, the need for achieving dramatic 
reduction in film contamination and the decreasing of the devices dimension (less 
than 0.1 |im for ULSI-CMOS) [3].
Continued new technology developments are resulting in an expansion of the 
operational range and types of machines, which can be considered as “ion 
implanters”. The conventional implantation ranges for* doping application extends 
from a few keV to 200 keV. This range of energies corxesponds to doping levels with 
doses from 10^  ^ to 10^  ^cm‘^ . Nowadays the range of energies has been extended from
0.2 keV (for boron implants) [4] up to several MeV for* formation of bur*ied dopant 
and CMOS well profiles [5].
Material Phvsics
•Stopping Power & 
Ranges
•Radiation damage 
•Doping models 
•Diffusion and Activtion 
•Defect Engineering
Machine Developiaent
•Spark Sources 
•DC-PIasma Sources 
•Accelerator 
•Implantation System  
•Automation
TC Devices
•Transistor 
•Radiation detectors 
•Al-gate MOS 
•CM O S
IC
Fabrication
Technology
Figure 1 Historical milestones in the development of ion implantation technology.
1.2 Punchthrough stop (Halo) implants
These implants are used in submicron devices to prevent the expansion of the drain 
depletion region into the lightly doped transistor channel when the device is biased for 
operation. Punchthrough stop implants place the dopant just below the active channel, 
near to the source and drain region. A boron or indium implant is employed with 
NMOS devices; phosphorous, arsenic or antimony is employed in PMOS devices. 
The active channel region of scaled CMOS devices is an area of intense process 
characterisation and development, and ion implantation applications characterised by 
complex lateral and vertical doping profiles in the channel are required to allow 
implementation of submicron transistors production. As the channel length shrinks, all 
MOS devices become increasingly susceptible to punchthrough effects. Recent 
punchthrough stop implants are also known as “halo” implants, “pocket” implants or 
“LATIPS” implants. The latter stands for Laige Angle Tilt Implanted Punchthrough
Stopper. As this name implies, these implants are almost always perfoiined using high 
tilt angles (10°-45°) from the wafer noimal [6,7]. The use of such high tilt angles 
forces the implants to be done in segments with wafers placed between the segments 
to avoid asymmetry effect. Because of their lower diffusivity, higher mass dopant can 
be placed more precisely into the channel. Consequently indium and antimony are 
being used for this application [8,9].
Species Energy
(keV)
Dose
(cm’^ )
B 10-100 5xlO‘^ -5xlO'"
P 50-150 5xl0‘^ -5xl0'^
As 50-180 Ix l0 ‘^ -8xl0'^
In 100-200 Ix l0 ‘^ -5xl0'‘
Sb 100-250 Ixl0'^-5xl0"
Table 1. Species, energy and range of dose required in CMOS technology to obtain 
halo implants
1.3 Peep source drain and ultra shallow extension implants
Ultra low energy implantation is being used to form the deep “source” and “drain” 
regions, which interface with the channel region in MOS transistors. The highly 
doped (10^°-10^  ^ cm'^) deep source/drain (S/D) extensions are contacted through a 
silicide to the rest of the circuit. The challenge in scaling the S/D implant is, reducing 
the junction depth while maximising the active dopant concentration. It is important 
to reduce the residual damage in the S/D regions that increases the reverse leakage 
current of the S/D junctions. There are three ways in which reducing the ion energy 
leads to a reduction in the junction depth. The first is to reduce the projected range of 
the ion (this can be achieved by increasing the tilt angle), before the rapid thennal 
annealing (RTA) to activate the dopant. The second is to reduce the straggle and the 
ion channeling, both of which scale with the projected range and hence the energy
(especially for B). The third way is that reducing the ion energy reduces the transient 
enhanced diffusion (TED), which occurs during the dopant activation annealing 
[10,11]. Another challenge in ion implantation concerns the uniformity of the dose 
implanted.
Species Energy Dose
(keV) (cnU)
As 5-80 3xlO'*-5xlo‘^
B 0.5-10 3xlO"*-3xlO"
P 1-20 2xlO'*-2xlO"
Table 2. Species, energy and range of dose required in CMOS technology to obtain 
deep source/drain (S/D) extension implants.
1.4 Process control for ion implantation
The reliability of ion implantation technology for application of advanced integrated 
circuits relies on accurate process control procedures. Many implantation problems 
can be detected with routine analysis over the implanted surface.
Ion Implantation is usually used to form doping regions of semiconductors through a 
sequence of implantation cycles [12]. In many of these steps the quality of the ion 
implantation process is a critical factor in device perforaiance. Errors in ion dose or 
energy, damage effects due to chaige build-up or sample heating as well as 
contamination effects, can result in a complete device failure.
In response to those requirements a set of process chaiacterisation tools for ion 
implantation has been developed. The total number and the depth distribution of 
implanted ions are the two most important parameters to measure for process control 
of ion implantation. Secondary Ion Mass Spectroscopy (SIMS) is used to deteixnine
the atomic distribution of the ion implanted material before and after annealing and 
for dosimetry. Rutherford backscattering (RBS) is widely used for the determination 
of the damage and for dosimetry of ions heavier than silicon (these two techniques are 
explained in chapter 4).
1.4.1 Dose uniformity
Dose valuations over an integrated circuit (IC) device can lead to variations in the 
device yield, performance and reliability. As the chip size increases, variation of dose 
within the single chip can result in a total failure of the IC device. Closely related to 
dose unifoixnity on a single wafer is the repeatability of dose levels between wafers in 
a single batch, between batch of wafers run on a single machine and between wafers 
run with the same nominal process on different machines.
Dose variation over a wafer can arise from many possible factors. Common problems 
aie due to failure in the beam scanning mechanism, fluctuation in the ion beam size 
(cuixent density) and cuixent [13,14]. As device area increases to more than 1 cm ,^ 
non-uniformity in dose over spatial scales of 1 cm or less become a significant cause 
of device noise. Dose and junction depth control become increasingly difficult as soon 
as the angle between the beam direction and wafer normal increases. High tilt angle 
implants, with tilt angle of 35 to 60 degrees, are increasingly used for implantation 
under masking structures and doping non-planar structures. The major process control 
issues [15] for implantation at high tilt angles have been identified as:
1. Dose uniformity degradation effect due to changing of the angle between the 
wafer plane and the centre of the beam scan
2. Dose shift proportional to the reduced ion beam current
3. Dopant loss due to sputtering and ion reflection.
1.5 The SWIFT implanter
In modem Integrated Circuits, the uniformity of the dose implanted is a critical 
parameter because a variation in dose can lead to unwanted variations in the device 
yield, performance and reliability. Applied Materials® has manufactured a new 
implanter ("SWIFT") capable of a great uniformity and repeatability in the dose 
implanted [16,17].
SWIFT is designed as a medium current single wafer implanter capable of high 
energies (up to ITOOkeV) to implement sub-0.18 /zm processes. These processes have 
very stringent implanter requirements including control of the implant angle (which is 
not trivial over a 300mm wafer) and accurate energy control. The beam line is quite 
long compared to low energy beamlines. The issue we face is that we use an RF linear 
accelerator for generating high-energy beams, which by design will create a near 
continuum of energies (target energy and below). Consequently we need to filter the 
"low energy tail" to stop contamination. This is not an issue for DC implanters.
SWIFT Performance Envelope
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Figure 2 Selection of the energies and species for the SWIFT implanter (Applied 
Materials®)
1.6 SWIFT dosimetry
In the SWIFT implanter the ion beam is magnetically scanned in the horizontal axis, 
and the wafer is mechanically scanned vertically with a high precision variable speed 
mechanism. The magnetic scan speed is not constant, but is a function of horizontal 
position, and is deteiinined by measuring the beam charge as a function of position 
with a movable Faraday cup. This behaviour of the beam charge is given by the 
transmission characteristics of the beam path through the implanter and is effectively 
an instrumental constant. The scan speed function is then chosen (in software) to give 
a constant dose rate as a function of position.
The wafer can be tilted at arbitrary angles (up to 60), but the scan is isocentric, that is, 
the wafer is moved in its plane. This means that the position of the implantation does 
not change in space, which is essential to maintaining uniformity. The magnetic scan 
is large enough to pass the beam over a fixed Faraday cup, which monitors the beam 
charge deposited on every pass. The vertical (mechanical) scan speed is adjusted at 
the end of each half scan. It is possible to change the speed during a scan to keep a 
constant dose rate in the presence of beam cun'ent variations. The assumption here is 
that the beam cuiTent is constant on the time scale of the magnetic scan frequency 
(197Hz).
The fixed Faraday cup is magnetically suppressed. Calculations of secondary electron 
paths have shown that the suppression is more than 99.9% efficient. The depth of the 
cup is large enough to reduce the backscattered fraction to less than 0.1%. The cup 
aperture is significantly lai*ger than the beam spot size: in the beam setup care is taken 
to ensure adequate beam focussing conditions. A background cunent is observed 
which is due to argon ions (Ar+) "leaking" into the Faraday cup, having been 
generated by the plasma source utilising argon gas in the electron flood source, used 
to prevent wafer charging. This constant background is measured for each pass of the 
beam over the cup and subtracted from the nominal charge due to the beam pulse in 
software.
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Chapter 2 
2. Theory on ion implantation
2.1. Introduction
Ion implantation is firmly entrenched in production processes for leading edge 
Complimentary Metal Oxide Semiconductor (CMOS) integrated circuit fabrication 
[1,2,3]- The ion implantation process is highly flexible in the selection of dopant 
species, in choosing the spatial location within the devices and in providing subtle 
concentration profile control. It can adapt to changes required by other process 
advances, enabling rapid introduction of new integrated process technology. It 
provides many degrees of freedom in processing, allowing precise optimisation of 
performance as new circuit technologies with scaled device dimension are introduced
[4].
2.2. Ion range distribution
Each implanted ion has a random path as it moves through the tai'get, losing energy 
by nuclear and electronic stopping. Electronic collision involves energy transfer from 
the moving ion to the electrons of the tai'get atoms and usually results in negligible 
deflection. In nuclear collisions kinetic energy is transfeiTcd to the struck atoms as a 
whole and this results in the projectile suffering relatively large angle deflections.
The rate of energy loss with distance -  —  is consequently composed of two terms,dx
which can be written as [5]:
10
dx = N{S„{E) + SSE)} Eq. 2-1
where N is the number of target atoms per unit volume and Sn(E) and Se(E) are the 
nuclear and the electronic stopping power respectively.
ReaiTanging eq. 2-1 we have:
N dE or R I f 'N h
dE 'Eq. 2-2
For the high-energy ion the path is essentially a straight line in the original direction 
of motion, since the stopping is electronic, with a small amount of straggling at the 
end due to nuclear collisions. At lower energies, where Sn and Se are more 
comparable, the ion path follows a zigzag course with many large deflections, the 
path length between collisions decreasing as the energy falls. With reference to fig.
2.1, we can define the total path length R, the projected path length Rp in the original 
direction of the incident ion and the projected path length at right angle to this 
direction.
j  energy  ion
L icident ion
Tlie toal path len gth  is: 
R=s (ij+q+ij+,...)
Surface of target
H igh  e n erg y  io n
Figure 2-1 Range of ions implanted at low and high energy
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Each ion that strikes the target does not follow exactly the same path even though its 
initial energy is fixed. This is because a beam of ions will have different random 
impact parameters with the surface atoms so that their subsequent collision 
sequences will be completely different from each other. Not only will the number of 
collisions by an individual ion vary but also its total path length. This will naturally 
result in a distribution of stopping positions which is usually assumed to have a
Gaussian shape where now refers to the average projected range. In calculating 
ion ranges we must consequently always be concerned with average projected range 
R^ and its standard deviation AR^ .
A Gaussian distribution is well chaiacterized and can be represented by:
(  x ~ r AN(x) = N„ exp Eq. 2-3
In general an arbitrary distribution N(x) can be characterised in terms of its moments. 
The noiTnalised first moment of an ion distribution is the projected range Rp. Higher 
moment are generally referxed to Rp [6]:
1im = —' <D (x~Rp  y n{x)dx Eq. 2-4
The second moment called standard deviation Op is defined as:
Eq.2-5
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2.3, Channelling
When ions are implanted in silicon they stop in the target by electronic and nuclear 
collisions. The energy lost per unit length through the electronic stopping process is 
less than that lost through the nuclear one. The nuclear process can cause significant 
deflection in ion trajectories and in the lattice atoms.
The stopping process is a stochastic process, so a Gaussian distribution should 
describe the implanted concentration profile. The simple Gaussian concentration 
profile by Lindhaid, Schaiff, and Shiott [7] is based on the assumption that the target 
is amorphous or polycrystalline. In practical applications the silicon sample has a 
high degree of perfection with the ion beam aligned sometimes with a particular 
crystallographic direction.
This leads to a distortion in the implant concentration profile. These effects aie due 
to the “channelling” of the implanted ions between rows that are aligned along major 
axes or between sheets of atoms that lie in low index planes. The ions in these 
“channels” are steered by the forces of the atomic potential increasing the range 
compared to implantation in amoiphous materials. Sometimes, in the worst case, the 
concentration profile exhibits a second peak (see Figure 2.2). Thanks to the 
channelling the damage in the crystal is reduced because the energy loss is due to 
electronic stopping.
!I§
Depth
Figure 2-2 A) a Gaussian profile typical in a amoiphous material B) Distribution in a 
crystal for channeled ions.
13
One of the most important parameters in the study of channelling is the critical angle 
Tc. If the ion beam is aligned within the critical angle the ions are steered in the 
channel, if not, the ions see the crystal as “amoiphous”.
There are some techniques that are used in order to control the channeling. The first 
is to control the orientation of the ion beam with respect to the channel in the silicon. 
This is obtained by controlling the tilt (0) and the twist (0 ) angle of the wafer 
relative to the ion beam. Twist
Tilt
Ion beam
direction
+0 0=0
Figure 2-3 Definition of tilt (0) and twist (0 ) angle relative to an ion beam direction.
Tilt angle is defined as the angle between the incident ion beam and a vector 
peipendicular to the wafer. The twist angle is defined as the angle between the 
projection of the incident beam vector onto the wafer surface and the vector that is 
perpendicular to the wafer. It is thought that a T  tilt angle avoids the channelling 
effect [8,9,10], but this is not true. The optimum tilt angle depends on the implanted 
species, energy, dose and the geometry of the implanter’s scan system. The second 
technique that is used to avoid the channelling is implantation through an amorphous 
surface layer on the silicon wafer. This consists of a thin (20-40 nm) layer of silicon 
dioxide. The last technique consists of the destruction of the silicon crystal structure. 
This is obtained by “preamoiphizing” the wafer by implanting silicon or germanium, 
before the implantation of the dopant ions [11, 12, 13].
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2.4. Defect production
An ion, moving through the atomic array of a solid, loses energy in a succession of 
collisions, and finally come to rest. Each atom is bound to its equilibrium lattice 
position by the forces of interactions with its neighbours, but if in a collision it can 
receive enough Idnetic energy to overcome these binding forces, it can be ejected 
from its equilibrium position, creating a vacancy in the atomic aiTay, and displaying 
an extra lattice atom to some distance from this vacancy. The atoms displaced from 
their equilibrium position may then occupy vacant lattice positions or may come to 
rest at non-normal positions in the lattice, known as interstitial. In addition, the 
injected ion, having come to rest may also occupy an interstitial position in the solid 
or equilibrate at a vacant lattice site and became a substitutional impurity. These 
three entities, vacancy, interstitial and substitutional impurity atoms all constitute 
defects [14, 15] in the order of the lattice.
2.5. Damage
Ions, in their path along the atomic anay of the solid target bombai’ded, lose their 
energy in different ways (nuclear or electronic collisions) reaching, finally, a resting 
position.
In the case of electronic scattering the energy lost by the ion is tiansfened to the 
target, producing ionization or electronic excitation, with consequently photon 
emission. In the nuclear scattering regime the effect is different. Since the binding 
energy of a lattice site is only 10 to 20 eV, it is quite easy to produce displacements 
of the tai'get atoms. Moreover, both ions and displaced atom have enough energy to 
produce further displacement as they travel through the target. The energy is spread 
over many moving particles resulting in a collision cascade.
Implanting heavy ions into a light taiget results in a denser cascade with a resulting 
defects structure very different from the other extreme (light ions in heavy target).
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In the first case when a heavy ion (Sb for example) impinges on a surface (Si) the 
deflected ion continues into the lattice accompanied by a primary recoil atom. Both 
of them could possess enough energy to produce other displacements in the 
following collisions. The ion energy shared between a numbers of atoms recoiled and 
the ion impinging will produce a collision cascade having a cylindiical form with its 
axis on the path of the ion. As the energy of primaiy ions decreases, the fraction of 
energy increases. Thus the recoil density will increase as the ion penetrates deeper 
into the solid, until the ion energy will not be able to promote the displacement of 
lattice atoms. The disordered region produced by all the ions implanted will result in 
the production of a background zone of simple defect structures and a distribution of 
lai'ger, disordered regions.
The implant energy has an important effect on the amount of the damaged induced 
too. In fact only nuclear scattering damages the target and is a function of the ion 
energy implant. Moreover for a given energy the heavier the ion implanted the larger 
will be the nuclear stopping power and, consequently, the damage produced.
The dose rate is another important parameter. In fact the primary defect production is 
a result of simultaneous or consecutive processes: the possible interaction between 
damaging events is a function of the time passed between one impact and the next in 
the same area (where we can consider the same area a cascade with diameter of 
around 10 nm. Thus the damage accumulation, for low (RT) temperature talces place 
through independent events.
All the mentioned effects on the bombarded target are called defects. The defects in a 
solid are not produced just by ion implantation, the perfect crystal being just an 
approximation. All solids contain defects in their lattice.
Defects can be classified as:
1) Point defects (vacancy, interstitial, impurities);
2) Extended defects (dislocations, amoiphous phase, stacking faults) 
Disregarding the impurities always present even in the most carefully refined solids, 
since the production of defects in a lattice, in the absence of external excitation, is 
due to the atomic vibrations aiound their equilibrium positions there is a dependence 
of the number of defects on the temperature.
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This dependence follows the Maxwell-Boltzmann statistics:
n^=iVexp Eq. 2-6
where na is the defect concentration, N is the number of atoms per unit volume, Edf. 
is the energy required to create the defect, k is the Boltzmann constant and T is the 
absolute temperature.
Both kinds of defects can diffuse within the lattice. The rate of defect migration is 
given by a Boltzmann probability function. The activation energy for such 
migrations is usually lower for the interstitials (their migration allows the local 
relieving of the strong lattice strain induced by their production) than for the 
vacancies, so that they rapidly migrate to sinks.
Frequently during the migration process defects can coalesce to form clusters of two 
or more, resulting in a reduced strain of the suiTOunding lattice. This explains the 
relative stability of this particular structure. If interstitials and vacancies collide they 
will annihilate themselves restoring the lattice structure.
The strain associated with these clusters can lead them to precipitate into more 
energetic configurations. A common configuration is when they collapse into a 
plane, which represents a discontinuity in lattice perfection over an extended aiea. 
These extended defects are known as dislocations, which is a function of the 
symmetry of the structure produced and can be classified as edge or screw 
dislocations.
It has been shown using Monte Carlo calculations [16] that because of the forward 
peaking nature of the momentum of an incoming ion a vacancy-rich zone is fonned 
in the region extending from the surface down to ~ 0.8 Rp. Between Rp and 2 Rp an 
interstitial-rich zone is created.
Mainly the production of defects is due (ignoring the effect of electronic scattering) 
to the displacement of tai'get atoms from their crystalline positions. When the number 
of displaced atoms per unit volume reaches the atomic concentration all atoms are 
removed and the process of amoiphization takes place [17]. A calculation of the 
amount of displacement induced by the implant can be obtained by dividing the total 
energy deposited into nucleai' scattering. En, and the energy required to displace an
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atom Ed. A moving ion will be able to increase the number of moving particles only 
if its energy is larger than 2Ed- The number of displaced atoms is:
N(e ) = ^  Eq.2-72£ ,
In this approximation any annealing effects are negligible. It is possible to define, for 
a given implant energy, a critical dose as the minimum required to induce 
amorphization. Obviously heavier ions, displacing a greater volume of target atoms 
per ion, will require a lower dose than lighter species. It is commonly accepted that 
for medium to heavy implants in silicon this dose is around 10^ "^  ions/cm^ [18, 19]. 
The instantaneous damaging event leads towards amoiphization of the layer and the 
competing self-annealing behaviour. Choosing the appropriate experimental 
conditions we can enhance one process or the other. For the purpose of doping and 
activation usually the production of amoiphous states is favoured because the 
production of an amorphous layer results in a better re-growth of the crystal under 
annealing.
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Chapter 3
3. L ite r a t u r e  S u r v e y
3.1. Introduction
Implanted ions come to a rest in the silicon tai'get by a combination of electronic and 
nucleai' stopping forces [1]. Because the stopping of an ion is a stochastic process each 
ion track and collision is random, so the implant concentration profile is expected to take 
a Gaussian shape. Each distribution of ions implanted in silicon can be described by four 
moments: range, stiaggle, skewness and kurtosis. The first two moments have 
dimensions of length whilst the other two aie dimensionless. The skewness describes if 
the peak is skewed tow aids the surface and the Kurtosis the extent of the distribution of 
the tail. A change of the tilt angle will have an important impact on the range and 
straggle and consequently on the atomic distribution.
3.2. The effect of tilt angle in ion implanted silicon
The study of the effect of the angle of implant started in the 1980s when L. De Cata et 
al. [2] studied the effect of the tilt angle on samples implanted with arsenic. In his 
experiment arsenic and antimony where implanted between 0 and 86“ tilt.
The implants performed at large tilt angle were considerably shallower and nairower 
compared to that at 0 tilt incidence due to the impact of the tilt angle on the projected 
range and the stiaggle. Pai'ticulaily at very large angles part of the dose implanted was 
lost due to sputtering. The retained dose was normalised by the cosine of the tilt angle. 
They also found a reduction in electrical activation due to the presence of surface oxide 
and to the low temperature of annealing.
Later G.Fuse et al. [3] studied the effect of boron implanted at large tilt angle. In their 
work the depth profiles were calculated using a Person IV distribution where the lateral 
projected range was calculated according to Furokawa [4]. The loss of dose was 
attributed to baclcscattering of the boron atoms.
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J. Antony et al. [5] studied the effect of the tilt angle for aisenic ions and compaied 
SIMS results with the TRIM simulated profiles. They observed that the TRIM code 
underestimated the projected range and the peak location. The reduction in retained dose 
at high tilt angle due to backscattering was also observed.
Recently T. Miyashita et al. [6] conducted an experiment to determine the lateral 
standai'd deviation for valions ions at different tilt angles. In this experiment As, P, B 
and Sb were implanted into amoiphous silicon. Assuming a Gaussian distribution of the 
ions they found that the implanted profile was a function of the tilt angle and the lateral 
standard deviation.
3.3. The ion implanted species. B, As and Sb
3.3.1. Boron implanted into silicon
In the as implanted state the light boron ion causes only a light damage with a critical 
dose of 1x10^  ^cm'^ to produce amorphous material, so usual doses at room temperature 
do not amorpliise the silicon. Increasing the implanted dose results in the formation of 
supersaturated point defects that evolve into dislocation loops; these defects are located 
around the projected range. When boron is implanted into silicon an anomalous 
diffusion compaied to the diffusivity of boron in the equilibrium condition (5.1x10^ "^  
cm^/sec [7]) occurs under annealing where the tail of the boron profile shows an 
increased diffusion which is several orders of magnitude higher than that which is 
predicted by equilibrium simulation [8]. This behaviour has been named Transient 
Enhanced Diffusion (TED) and several authors [8,9,10], have proposed that B diffusion 
is driven by the large supersaturation of Si interstitial atom that are involved in the 
formation of end of range defects (EOR). Many of the published results about boron 
TED in Si aie in samples pre-amorphised by Si or Ge in order to form an amoiphous 
layer of thickness between 150-200 nm and annealed with rapid thermal annealing 
(typically at 1000 “C) to activate the dopant and to regrow the amoiphous layer 
[8,11,12,13]. Under these conditions TEM analysis has shown the formation of the EOR 
defects aiound the former crystalline/amoiphous interface.
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Colombou et al. [14] show that the defects size and the boron diffusivity are independent 
of the Ge ion dose. Increasing the dose of Ge results in an increase in the defect density. 
Liu et al. [15] show that the pre-amorphisation with Ge exhibits higher sheet resistance 
and shallower junction depth than crystalline wafers and that by increasing the energy of 
Ge implant decrease of an order of magnitude the value of sheet resistance results. The 
formation of a thin amoiphous layer with a Ge implant can also minimise the TED of B
[16] reducing the concentration of the points defects generated by the B implants.
3.3.2. Arsenic implanted into silicon
Arsenic is the most typical n-type dopant for CMOS technology because it has a high 
mass and allows for self amoiphisation, (shallow junctions possible) relatively low 
diffusivity and high solubility (low sheet resistance). Because of the high mass the most 
common defects are EOR defects. If As is implanted at a high dose (above 2x10^  ^cm'^) 
for an energy aiound 100 keV, then upon annealing a second layer of defects can form at 
the projected range. These defects are believed to aiise from the precipitation of sub- 
microscopic As clusters [17]. The activation and diffusion of arsenic in silicon during 
RTA have been extensively studied in the past [18,19,20]. Some electrical parameters 
such as the sheet resistance, for samples implanted with a heavy dose of aisenic, 
decrease with annealing time [21] indicating the presence of Solid Phase Epitaxial 
Growth (SPEG) of an amoiphous layer produced by the heavy ion dose. The effect of 
the gaseous ambient during RTA has resulted in the increase of the sheet resistance for 
samples without an oxide cap. This increase is due to the loss of arsenic thiough 
evaporation. In an oxygen ambient the growing oxide acts as a hairier against the 
evaporation. The pile -up of arsenic takes place at the silicon -oxide interface [22]. The 
diffusion of As during RTA has been extensively studied because of its importance for 
the formation of shallow junctions. In the eailiest work diffusion free RTA results were 
reported [23,24]. However relatively low doses of arsenic were employed. The increase 
in ai'senic diffusivity was studied by Fair et al. [25]. They found that a pre-annealing 
stage at low temperature reduces the diffusion enhancement. This result was explained
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by the presence of a high concentration of tiansient point defects. The absence of any 
arsenic diffusion during RTA was reported by Seidel [26].
Kamgai' at al. [27] have investigated the Idnetics of arsenic activation and clustering for 
a dose of 5x10^  ^ As  ^cm' .^ They found that as the silicon recrystallized it incoiporates 
As atoms in subtitutional sites, which results in a high degree of electrical activation. 
However, long annealing times result in the formation of As clusters and reduces its 
degree of activation.
Larsen et al. [28] have also pointed out that despite the high subtitutional fraction 
measured by RBS (96%) the degree of activation of As is around 70% because the 
substitutional fraction includes small clusters or defect complexes.
3.3.3. Antimony Implanted in silicon
During the past antimony was used as n-type dopant because of its low diffusion 
coefficient and as a result of the fact that Sb diffuses in silicon via vacancies. However 
because of its low solid solubility (2-4x10^  ^cm'^) it was replaced by arsenic which has a 
higher solid solubility and a lower sheet resistance. However as pointed out in the last 
par agr aph there is a diffusion problem associated with the use of As in silicon.
Williams and Elirnan [29] conducted research on the solid solubility limit of Sb 
implanted in silicon. In their work using channelling RBS they found that the 
substitutional impurity concentration increased with the implanted dose and saturated at 
a limiting concentration well above the solid solubility limit.
J.Narayan and O.W. Holland [30] also have investigated the solid solubility and 
extended defects of Sb implanted in silicon. They performed TEM and channelling RBS 
to obtain information on SPE growth and quantification of substitutional fraction. They 
found that SPEG region was free of defects and all the antimony was in substitutional 
sites for Sb with a peak concentration of 5x10^  ^cm' .^
R. Angelucci et al. [31] have investigated the TED for several dopants in silicon. In 
particular' they found that for As and Sb the enhanced diffusion is very small and 
detectable only for long annealing times (above 30 min).
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Recently K.Shibahai’a and D.Animatzu [32] investigated the effect of the RTA on 
implanted Sb samples in order to reduce the sheet resistance and avoid antimony pile-up 
at the surface. They suggested that the annealing temperature should not exceed 800 “C 
to avoid pile up and this limited the value of Rs below 300 Q/a.
In more recent work K.Shibahai’a [33] successfully demonsti'ated that it was possible to 
obtain very shallow junctions for implanted Sb in silicon with an activation that 
exceeded 80% for samples with a peak concentration of 1x10^ ® cm'^, well beyond the 
solid solubility of Sb in silicon. Impurity atoms must redistribute to form precipitates. In 
the case of low diffusivities impurities such as Sb in silicon at low temperature, the 
practical solubility limit seems to be much higher than the thermal equilibrium limit.
3.4. Process simulation of ion implantation at different tilt angles
The classical theory of ion ranges in solids was published in the early 1960’s by 
Lindhard, Sharff and Schiott (LSS) [34]. The ion and damage distribution can be 
described by a Gaussian shape with a projected range Rp and a standard deviation Op by 
solving the respective transport equations for the first two moments of the projected 
profile in a semi infinite target. Following the principles of the above theory, range 
tables for a variety of ion target combinations were calculated [35]. Theory and 
experiment fit especially well in the case of ions implanted into pre-amorphised silicon
[36] or implantation into silicon dioxide. The analytical modelling of two-dimensional 
structures is possible by folding Gaussian profiles with a known lateral Op.
The basic LSS theory and the related analytical model do not consider non-planar' 
structures, multiple atom targets or recoil effects with sputtering or ion beam mixing. 
Only a few moments rather than the entire information of a distribution can be obtained. 
To achieve a better description of the ion distribution in silicon, the Monte Carlo 
simulation program is used. Several approaches for the application of Monte Carlo 
computer programmes in crystalline and amorphous tar-get have been proposed [37, 38]. 
In amorphous tar'gets the code, TRIM, [39] fits an analytical function of five parameters 
to tire value of the scattering integr al obtained by numerical integration. In contrast, for 
amorphous targets a good agreement between the measured and the simulated profiles
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was found, but implants in crystalline silicon targets show an additional exponential tail. 
An analytical model such as the Dual Pearson approach uses two sets of Pearson 
parameters derived from experiments. The resulting profile is a superposition of a 
crystalline profile with an amorphous profile for a dose level above the amorphous dose. 
A more elementary method is the application of the Monte Carlo code MARLOWE 
which uses the binary collision approximation to calculate the trajectories of particles in 
a general crystal structure [40].
The Dual Pearson approach has been used with success [41] in order to simulate the As 
and BF2 profiles at different tilt angles and dose. To describe the implanted boron profile 
and damage in sample at different tilt angle (0“-10“) the UT-MARLOWE code [42] has 
been developed. Modern simulation software such as TSUPREME4 is still unable to 
describe the tail of the distribution for heavy ions such indium or antimony [43].
3.5. Tilted implants for CMOS technology
Among the advanced ion implantation applications for silicon device fabrication 
reported in the literature, the subject of channel optimisation and drain engineering are 
the most extensively treated. The reason for this is that new channel and drain devices 
are requhed to avoid two of the major constraints in CMOS transistor scaling: Hot 
carrier [44] and punchthrough effects. As the channel and gate dimensions are scaled, 
the electric field within the device becomes higher, particularly when the same power 
supply is used to operate the device.
The conventional NMOS device source/drain structure formed with high dose implants 
encountered reliability problems when the channel length is scaled below two microns. 
The electrons moving from source to drain are accelerated by this high drain field and 
generate a free electron hole pair (called hot carriers) in an impact ionisation process. A 
new implantation technique used a highly flexible process for submicron devices.
This technique uses large tilt angle and target wafer rotation during implantation. Using 
this technique Large Angle Tilt Implanted Drain (LATID) [45,46,47] device structures 
have been fabricated. These lar'ge tilt angle implants are used to set the depth of the n- 
region without a diffusion step.
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Because of their lower diffusivity and low as-implanted sti'aggle, higher mass dopants 
can be placed more precisely and consequently indium and antimony are used nowadays 
in ion implantated device application [48].
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Chapter 4 
4. A nalysis Techniques
4,1. Rutherforford Backscattering Spectroscopy
Rutherford Backscattering Spectroscopy (RBS) is a non-destructive surface analysis 
technique in material science. For uniform thin films it provides a method of examining 
depth composition and layer thickness with 1 to 5% accuracy. The method involves the 
collection and analysis of high energy light particles rebounding from a target sample 
after par t of the impinging beam has under gone elastic “billiar d ball” collision with its 
constituents atoms.
The physics and the interpretation of RBS spectra have been treated in detail in 
numerous books [1], [2]. The next section will briefly analyse the basic concept and 
spectr a interpretation methods used in this technique.
4.1.1. Theoretical background
RBS is based on four main concepts. Each of these is related to physical phenomena that 
determine the capability or limitation of RBS.
• Kinematic Factor; relates the energy of the projectile after collision to its 
energy before the collision, it leads to the ability of mass analysis.
• Scattering Cross Section; describes the probability that scattering will occur, it 
provides RBS with a quantitative capability of atomic composition.
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• stopping Cross Section; refers to the average energy loss, which the projectile 
suffers through the scattering medium, it results in the capability for depth 
analysis.
• Energy Straggling: arises from energy loss statistical fluctuations; it sets the 
limits on mass and depth resolution.
Kinematic Factor.
The collision event is illustiated in fig. 4-1. The energy E/, of the projectile of mass M;, 
after collision with the target atom of mass M2, is related to its energy Eq before the 
collision by the kinematic factor K, defined by
El = KEq Eq. 4-1
Target atom Projectile
Figure 4-1 Schematic representation of an elastic collision between a projectile of mass 
mi and energy Eo and a tai-get atom with mass mi which is initially at rest. After the 
collision the projectile and the target have energies Ei and E2 respectively.
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K is derived from the conservation of energy and momentum parallel and peipendicular 
to the direction of incidence and is given by:
K ( m I - M f  sin^ 9 )^ + Ml cos6 M2 +Mi Eq. 4-2
By measuring the energy Ej of paiticles scattered at an angle <9, the unknown mass M2 
can be found; If a target contains two elements that differ in mass by a small amount, 
ZIM2, the difference in energy ÂE}, of the projectile after collision with the two different 
atoms, is given by:
AEi =E o( /^E/ /^M2)AM2 Eq. 4-3
In order to obtain good mass resolution Eq and dK/dM2 need to be as large as possible. 
This can be achieved by increase the beam energy, using a heavier projectile atom, and 
detecting backscattered particles at a scattering angle close to 180°. Because every 
system has a finite energy resolution («15 keV) if AEi falls below the limit the 
distinction between two elements is lost.
Scattering Cross Section
The number of scattered particles, Y, registered by the detector in a solid angle £2 is 
given by:
^ dGY = QNt • pdO.) Eq. 4-4
where Q is the number of pai ticles striking the taiget, N is the volume density of target 
atoms, t is the target thickness and do/dQ is the average differential cross-section for 
scattering into a solid angle Ê2 at a scattering angle 0 and is usually indicated with a, see 
Gg. 4-2.
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Thin target 
(N atoms/V)
-Beam of incident 
particles
Scattering angle
Differential
solid
angle d £ l D etector
Figure 4-2 Schematic view of the solid angle dH and the scattering angle 0
If Q is the toal number of particles striking the target ;
dcr
dO.
1 dQ(E) 1 Eq. 4-5Nt Q dQ(6)
If the number of particles striking the target and detector are counted then the number of 
atoms per unit area of the target Nt can be determined. The above expression of 
scattering cross-section reveals that RBS is much more sensitive to heavy elements that 
light ones. Also, the yield of backscattered particles rapidly increases with decreasing 
energy.
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stopping Cross Section
The majority of the paiticles impinging on a target will penetrate into it because the 
large angle Rutherford scattering collision is highly unlikely. As the particle passes 
thiough the target it loses energy. For the light particles and the energy used in RBS the 
two main energy losses process are:
1. Interaction with electrons in the target, i.e. electronic stopping and
2. Interaction with nuclei of the target atoms, i.e. nuclear stopping.
In the RBS regime, the nuclear energy loss is not very important, since the ions are 
travelling very fast (shorth wavelength). We are interested in paiticles that travel very 
small distances in the surface layers of the target; because of that, the rate of energy loss 
(coimhonly called stopping power) can be considered constant. The energy loss fonnula 
has the expression [3,4]:
—  = N Z ,{ z ,e ^ ffax Eq. 4-6m J
where N is the atomic density and f(E/Mi) is a function that depends only on the target. 
Since absolute measurements of thin film thickness can only be made accurately in 
terms of weight and area, in RBS we use the stopping cross section 8 in thin film 
thickness units [eV/(at/cm^)] instead of -dE/dx. The stopping cross section s being 
defined as:
8 = — Eq.  4-7 N dx
where N is the tai’get atomic density. Semi-empirical values of e for all elements and 
several energies are tabulated in the literature [1]. These values vary for all elements and 
have a broad maximum at ~1 MeV (see fig. 4-3). In RBS the energy of all scattered 
particles is measured, so from the rate of energy loss, it is possible to calculate the depth 
from which the detected particle is scattered.
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^  100- Tao
Figure 4-3 He stopping cross section for C, Si and Ta tai'get materials (from C. Jeynes, 
1998, RBS training course, lecture I
4.1.2. RBS and channelling
One of the most important aspects of channelling measurements is the analysis of single 
crystal substiates with substitutional impurity atoms. When the beam is aligned with an 
axial direction of a single crystal substiate nearly all of the incident particles can be 
steered or channelled after entering the crystal. The aligned or channelled component of 
the beams represents the condition in which the particles of the beam are steered without 
approaching the axial rows closer than about 0,1 Â. Therefore as the beam to crystal 
orientation is changed from random to aligned directions the yield of backscattered 
particles from the host crystal atoms will decrease as is shown in fig. 4-4. The yield from 
collision at the surface for the random and aligned spectra should be the same. This is 
because no shadowing can occur from the outer layer of atoms and the yield depends on
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the number of the scattering centres per unit area is the same. The aligned spectia will 
rise up to the random level and then fall rapidly to a minimum level Xmin before 
increasing slowly with depth into the crystal.
This fraction %min is defined as:
%min Eq. 4-8
I
Analysing 
Beam enei^y
Depth into crystal
Silicon surface
Figure 4-4 Random and channelled spectra for helium of energy Eq, scattering from 
silicon
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4.2. Radiation damage
The combination of Rutherford backscattering and channelling phenomena can be 
employed in measuring departures ft'om crystallinity in single crystal. When an ion 
sti'ikes an atom it will be displaced. The number of atom that have been displaced (atoms 
in interstitial position) will be proportional to the number of counts talcen from the 
channelled spectra.
A silicon sample is stroked by a high-energy helium beam (1.5 MeV in our experiment) 
and both random and channelling spectra aie recorded and the level of the damage will 
be between that found in the amorphous sample and the one the crystalline sample (zero 
damage) see fig 4.4. In the latter case there is a small peak in the yield due to residual 
damage.
The sample will have a yield Ya at a depth t instead the damaged one will have a yield 
Y^(t). Similai'ly the random fraction will be %'(t) and %(t) for the damaged and 
undamaged sample. If we define %(t) as the ratio between the aligned and the random 
yield for the undamaged sample and % (t) the ratio between the aligned and the random 
yield for the damaged one, we can calculate the number of the displaced atoms N (t). 
N (t) will be:
N \t)  = N ^—  Eq. 4-9
1 - Z  W
where N is the atomic density of silicon.
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4.3. Thermal-wave
The themial wave technique is a non-desti'uctive technique used for the determination of 
the uniformity of the dose and the damage for ion implanted silicon samples.
Thermal waves are generated whenever a periodic heat stimulus is applied to a thennal 
conductor. In general, the source of heat is a modulated beam of light, electi ons or other 
fonn of light [5]. For each periodic heat stimulus a periodic temperature variation is 
produced. The propagation depth of this thennal wave is is the thermal diffusion length 
p defined as:
1/22%
pC(ù Eq. 4-10
where % is the thermal conductivity of the material, pC is its volume specific heat (p is 
the density and C is the specific heat) and co is the angular frequency at which the laser 
beam is modulated. So the depth of the thermal wave is determined by the frequency of 
the laser beam. Since in ion implantation the depths of the implants are less than 1 pm a 
1 Mhz frequencies provides a good accuracy to measure the ion implant data.
Incident - 
laser beam
Si wafer
Themial waves
y "  /Ion implant damage
Figure 4-5 Generation of thermal waves used a laser beam onto a silicon wafer 
containing lattice damage.
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4.3.1. Wafer uniformity and dam age
The uniformity of ion implantation process is monitored with a two-dimensional contour 
map. The map in fig. 4-6 shows the uniformity of the of the thermal wave signal across 
the wafer. The measurements size on the map are indicated with +, -, □ symbols which 
coiTespond to the data higher, lower and within V4% of the average signal from the 
wafer.
The signal from this technique is expressed in theiina-wave units which are proportional 
to the implant induce damage [5]. A decrease of therma-wave units will results in a 
decrease of the damage.
THERm-WAVE
Figure 4-6 Therma-wave map of a silicon sample implanted with Sb dose 5x1014
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4.4. Hall Effect
The basic physical principle underlying the Hall effect is the Lorentz force. When an 
electron moves along a direction perpendicular to an applied magnetic field, it 
experiences a force acting noimal to both directions and moves in response to this force 
and the force effected by the internal electric field. For an n-type, bar-shaped 
semiconductor shown in fig 4-7, the caiiiers am predominately electrons of bulk density 
n. We assume that a constant cuiTcnt I flows along the x-axis from left to right in the 
presence of a z-directed magnetic field. Elections subject to the Lorentz force initially 
drift away from the cunent line toward the negative y-axis, resulting in an excess surface 
electrical charge on the side of the sample. This charge results in the Hall voltage, a 
potential drop across the two sides of the sample. (Note that the force on holes is toward 
the same side because of their opposite velocity and positive charge.)
X 3
Figure 4-7 Schematic of the Hall effect in a long, thin bar* of semiconductor with four- 
ohmic contacts. The direction of the magnetic field B is along the z-axis and the sample 
has a finite thickness d.
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This transverse voltage is the Hall voltage Vh and its magnitude is equal to IB/qNd, 
where I is the cuiTent, B is the magnetic field, d is the sample thickness, and q (1.602 x 
10-19 C) is the elementary charge. In some cases, it is convenient to use layer or sheet 
density (Ns = Nd) instead of bulk density.
The equation for the sheet caiiier concentration is:
N s = ^  Eq.4-11W h \
assuming = 1 where po is the drift mobility.Md
Thus, by measuring the Hall voltage Vr and from the known values of I, B, and q, we 
can determine the sheet carriers concentrations Ns in the semiconductors. The error in 
the value of Ns is only function of Vr because q. I, and B are all constant. In our 
experiments the enor in Ns is 5%.
The Hall voltage is negative for n-type semiconductors and positive for p-type 
semiconductors. The sheet resistance Rs of the semiconductor can be determined by use 
of the van der Pauw resistivity measurement technique. Since sheet resistance involves 
both sheet caniers concentration and mobility, one can determine the Hall mobility from 
the equation:
^ R ^ ^ q N s R s
If the conducting layer thickness d is known, one can determine the bulk resistivity (R = 
Rsd) and the bulk density (N = Ns/d). The enor in the value of Hall mobility is around 
10% as a result of the sum of the enors due to Rs and Ns.
4.4.1. The Van der Pauw Technique
In order to determine both Pr and Ns, a combination of a resistivity measurement and a 
Hall measurement is needed. We discuss here the van der Pauw technique [6] which, is 
widely used in the semiconductor industry to determine the resistivity of uniform
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samples [4,5]. As originally devised by van der Pauw, an arbitraiily shaped (but simply 
connected, i.e., no holes or nonconducting islands or inclusions), thin-plate sample 
containing four very small ohmic contacts is placed on the periphery (preferably in the 
corners) of the plate. A schematic of a rectangular van der Pauw configuiation is shown 
in fig 4-8.
Figure 4-8 Schematic representation of Van der Pauw configuration used in the 
deteraiination of the two characteristic resistance Ra and Rb
The objective of the resistivity measurement is to detemine the sheet resistance Rs. Van 
der Pauw demonstrated that there aie actually two chaiacteristic resistances Ra and Rb, 
associated with the corresponding terminals shown in Fig. 4-7. Ra and Rb are related to 
the sheet resistance Rs through tlie van der Pauw equation
exp T tR /R + exps J
tiR,
R =  1 Eq. 4-13s y
which can be solved numerically for Rg.
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If we assume that the value of Ra and Rb aie neaily identical a simple expression for Rs 
can be used:
71 Ra +Rb
In 2  2Rs =  ------ ^------ f  —  Eq. 4-14
where f(RA/RB) is equal to one in the ideal case in which Ra=Rb- The error in the value 
of Rs is between 3-5% [7].
The bulk electrical resistivity R can be calculated using
R = Rgd , Eq. 4-15
where d is the thickness of the sample. To obtain the two chai acteristic resistances, one 
applies a dc cunent I into contact 1 and out of contact 2 and measures the voltage V43 
from contact 4 to contact 3 as shown in fig. 4-8.
Next, one applies the cunent I into contact 2 and out of contact 3 while measuring the 
voltage Vi4 horn contact 1 to contact 4. Ra and Rb aie calculated by means of the 
following expressions:
= —  and R b = - ^  Eq.4-16
^12 I 23
The Hall voltage measurement consists of a series of voltage measurements with a 
constant cunent I and a constant magnetic field B applied perpendiculai* to the plane of 
the sample. To measure the Hall voltage Vh, a cunent I is forced through the opposing 
pair of contacts 1 and 3 and Vh (= V24) is measured across the remaining pair of contacts 
2 and 4. Once Vh is acquired, Ns can be calculated as Ns = IB/q|VH| from the known 
values of B, q, and I.
There are practical aspects that must be considered when canying out Hall and 
resistivity measurements. Primaiy concerns are (1) ohmic contact quality and size, (2) 
sample uniformity and accurate thickness determination, and (3) photoconductive and
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photovoltaic effects which can be minimized by measuring in a dark environment. Also, 
the sample lateral dimensions must be lai ge compared to the size of the contacts and the 
sample thickness. Finally, one must accurately measure sample temperatuie, magnetic 
field intensity, electrical cunent, and voltage.
H
Figure 4-9 Schematic of a van der Pauw configuration used in the determination of the 
Hall voltage Vh-
4.5. Differential Hall Measurements (DHM)
In an ion implanted process the mobility and the canier concentration are both 
dependent from the depth. In 1958 Petritz [8] showed that for a depth dependence in the 
concentration of caniers, the Hall coefficient can be expressed as a summation of the 
average values of canier concenti*ation, m and mobility |Lii in the i^  ^layer of thickness d;. 
Assuming that that there aie no circulating cuixents and that the Hall and conductivity 
mobility in the i^ layer aie equal, then:
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^HS - Eq. 4-17
The conductivity is:
G = vdy 
p. = (od)“'
The effective Hall mobility is:
—  dj^H(eff)
Eq. 4-18 
Eq. 4-19
Eq. 4-20
Buehler [9] pointed out that a better value of N can be deteimined from the combination 
of stripping technique and Hall measurements. The number of carriers in the i* layer and 
their mobility can be found fr om:
and
i^ S H  )(• i^ S H  )/+!
(a )? (a ) = etiinfd. Eq. 4-21
k ) :  ip,)i
=  eN^piidf Eq. 4-22
giving:
and
Mi = Ps ),
Ps )i
Eq. 4-23
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A
AT, = - ^ A z i  Eq. 4-24ed.f.1.
4.5.1. Error analysis
A study of the enor in the value of Ns has been conducted by S.S. Kular [10]. The error 
in the sheet resistance is due to the enor due to the voltage applied to the sample and is 
typically of 5%. This is in agi'eement with the result founded in literature [7]. The Hall 
effect and the sheet resistivity measurements may be used to deteixnine the number of 
sheet canier concentration and mobility with an enor between 10-13%. However it was 
assumed that the Hall scattering factor was known and that the depth dependence effects 
were negligible
By using a combination of Hall measurements and layer removal techniques (DHM) the 
canier concentration (Ni) and the mobility (pi) were the enor is up to 20%.
The enor in the step high measurements (depth) measured with a talystep was estimated 
to be about 5%.
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4.6. Secondary Ion Mass Spectroscopy technique (SIMS)
The SIMS technique has had an enormous development in the last thirty yeai's. In this 
technique a beam of ions of high energy, usually between 0.2 and 20 keV, strikes a 
sample maintained in an ultia high vacuum (lO'^-lO'”  torr). When the primaiy ion 
stiikes the surface of the sample it come to rest at a depth called the penetration depth 
(about 150 Â for energy of 10-20 keV). This provokes a chain reaction in which one or 
several atoms aie expelled from the surface. This phenomenon is called erosion or 
sputtering. The emission of particles due to direct impact with the primaiy ion is very 
unlikely. A certain fraction of the expelled particles (in optimum condition we can have 
1% of the total) is in an ionised state, and can be analysed from a mass spectrometer.
Primary 0 ^ 0
t
Figure 4-10 Overview of an ion beam impinging onto a silicon wafer and the emission 
of particles (sputtering)
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The ionisation processes can be classified in two categories:
a) Ion production from the process of de-excitation due to an exchange of kinetic 
energy between the primaiy ion and the pailicle emitted by sputtering. In this 
case the de-excitation results in an emission of an Auger electron from the 
particles that leave the surface in an excited state. This ionisation process is 
typical for sputtering with an inert gas.
b) Chemical emission in which a chaige exchange is enhanced by a reactive 
species, initially present on the surface intioduced by bombaidment. The species 
used as tlie primaiy ion are the caesium and oxygen. The caesium 
(electropositive species) release elections enhancing the emission of negative 
ions. On the contiaiy the oxygen enhances the emission of positive ions.
The efficiency of sputtering S (sputtering yield), the number of paiticles per incident ion 
depends from the chai actenstic of the sample and the primaiy ion utilised.
The sputtering yield is a function of:
• Atomic mass
• Crystalline structure
• Bounding energy of the surface
• Crystal orientation
• Temperature of the sample 
The incident ion is a function of
• Atomic number
• Energy (E)
• Angle Û between the beam and the normal with the sample
The ions used for sputtering generally aie: 0^2, O", Cs"^ , Ar"^ , Xe"^ , Ga .^ The 0^2 is used
for electi’opositive species, Cs"*" for electionegative ones. A beam of Ga'*' from liquid 
metal is required for very high lateral resolution.
The sputtering rate is given by:
dz YJpii Eq. 4-25dt ep
where Y is the sputtering yield, Jp is the primaiy beam density and p is the ion density 
and e the electronic charge.
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The ionisation efficiency (secondaiy ion yield) is essential for a quantitative analysis of 
SIMS. The surface condition introduces the problem of the “matrix effect”. The 
phenomenon is due to the ionisation efficiency in the matrix change. For quantitative 
analysis standards of known composition ai'e used. In first approximation we can say 
that the ionisation efficiency is a function of
• the element that we want to analyse
• the matrix of the sample
• the experimental condition
The primaiy current Ip in an apparatus SIMS vaiies between 10'^  ^ and 10'^  A. The 
crucial parameter in a SIMS measurement is the cuixent density (Jp) defined as the ratio 
between the cuixent of the primary beam and the bombarded surface Ap (rastered aiea). 
The sputtering rate is a function of Jp. We can have two different uses of the SIMS 
technique;
1. static SIMS with low Jp~l mn/cm^, has sputtering rate of some Â/h
2. dynamic SIMS chamcterised with cuixent density of some mAJ cm .^ 
Thanks to this erosion velocity it is possible to do depth analysis (some microns) of the 
sample.
SIMS presents advantages and disadvantages.
Advantages
1) Sensitivity, 1 ppm for most of the element and 1 ppb for some element in 
particulai* condition
2) all elements are detectable
3) possibility to distinguish between isotopic elements
4) depth resolution up to 100 Â
5) lateral resolution up to 20 nm
6) quantitative analysis ( standaid samples required)
Disadvantages
1) Limit mass resolution linked to the experimental apparatus
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2) ion production changes of six order of magnitude between an atomic species and 
one other
3) the secondaiy ions emission depends strongly from the sample matrix
4) to make quantitative analysis standard samples are required
5) flat surface are required for good depth resolution
6) SIMS is a destructive technique
4.6.1. SIMS instrumentation
A SIMS apparatus is essentially composed in three sections: the source and the lenses 
that produce and verify spatially the bombarding ions; the sample chamber; and the 
extraction, tr ansmission, selection and detection of the secondar y ions.
The SIMS apparatus in which the samples have been analysed, located in the Istituto 
Tecnico di Cultura in Trento laboratories in Italy, is a CAMECA IMS-4f. The source of 
this instrument is a duoplasmatron with which it is possible to have Ar'^ , 0^2 © O Cs"^  
ions. The ion beam is spatially controlled with electrostatic lenses and deflection placks. 
The deflectors contr ol the position of the beam in the x and y directions. The function of 
the optic system is to calibrate a beam with a tuneable diameter (1-200 |lm) and with 
energy up to 17.5 keV. The sample is placed at a potential of ±4.5 keV whether the 
extraction lens is at ground potential. The electric field (1 keV/mm) accelerates the 
secondary electrons from the sample with the polarity, and at the same time inhibits the 
ions with opposite polarity. The ions from a particular aiea (to avoid the crates effect) of 
sputtering are transmitted and focused in a magnet that selects the ions according to the 
ratio charge -mass. It is possible to control several ion species using the magnetic field 
of the mass analyser.
Finally the ions coming from the mass analyser are focused on a channel plate where 
they are transformed in an optical image.
SIMS measurements are usually done in ultra high vacuum. The CAMECA-4f has turbo 
molecular pumps to produce the vacuum in the sample chamber. It also disposes of an
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electronic gun that allow to the electron beam to strike the sample and to avoid any 
charge accumulation induced by the sputtering process.
Figure 4-11 Picture of the new new Cameca FC Ultra in ITC Trento (Italy)
4.6.2. Quantitative analysis
The result of a depth profile analysis consists of a profile in which the intensity of the 
secondary ions (counts/s) relative to the atomic species as a function of the sputtering 
time. To convert the qualitative result into a quantitative one, the sputtering time must be 
converted in depth (pm) and the counts in atomic concentration (atoms/cm^).
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Figure 4-12 Typical output of a SIMS experiment where the numbers of counts are 
plotted as a function of time.
10’ -
10 !
Sensibilita' 
4x10" al/cm'
Figure 4-13 Atomic profile from fig. 4-12 using the Relative Sensitivity Factor (RFS)
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The sputtering time can be coiTelated to the depth measuring the depth of the crater. To 
convert the numbers of counts in atomic concentration standard samples of known 
concentration are utilized. There are two methods for quantitative analysis: samples 
obtained with ion implantation with well known and accurate fluxes and samples with 
known doped profiles.
It is possible to calculate the "Relative Sensitivity Factor" (RFS), a conversion factor 
between the intensity of secondary ions and the atomic concentration. The RSF is 
defined by:
yOj = ——RFS Eq. 4-26
i^n
where p; is the atomic concentration of the species, h is the intensity of the secondary 
ions and Im is the intensity of the secondary ions of the matrix.
RFS is defined by:
where f is the flux of the ion implanted, C the number of cycles done in the depth range, 
EM/PC is the efficiency ratio between the electron multiplayer and the Faraday cup, d is 
the depth of the crater, Slj the sum of the counts of the ion species, ly is the intensity of 
the background of the ion species and t is the time of analysis per cycle.
If RFS has been calculated for a particular isotope we have the RFS of the element by:
- r f s = 3
Eq. 4-28
where Ai is the abundance of that isotope.
SIMS data can have an en or of reproducibility of ±2% and accuracy of ±5%.
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Chapter 5
5 . E x p e r im e n t a l  D e t a il s
5.1. Ion implanter
All the implants have been performed with a SWEPT ion implanter at Applied 
Materials in Horsham. In this implanter (described in Chapter 1) the ions are produced 
in an ion source and then extracted at an energy between 10-70 keV. After extraction 
from the source the ion beam is focused by an optical system and analysed by a 
magnet to select the ion species. After that the beam passes through a large deflection 
angle collimator that ensures a good beam parallelism control (<0.45°). The ions 
impinging on the surface region of the sample results in the emission of secondary 
electrons. If not suppressed it can result in an eiTor of the calculation of the ion dose. 
A Faraday cup is used to calculated the charge incident on the target and hence the 
implanted dose.
5.2. Thermal Annealing
Annealing of the samples was earned out in a Process Products Coiporation RTP 
halogen lamp system. The temperature was monitored by a thermocouple attached to 
the silicon support wafer. Annealing was performed in pure nitrogen (Ng) gas. In all 
cases the annealing system was purged with nitrogen for three minutes at room 
temperature, prior to annealing, to reduce the effect of gas contaminants. The 
temperature was increased to 350 °C in one minute, held at 350 °C for one minute, 
increased to the desired temperature using a constant heating rate of 10°C/sec and 
then held at this temperature for the required time. The sample was then allowed to 
naturally cool down to room temperature before venting the process chamber. A
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typical RTA cycle is shown in Fig. 5-1. During the anneal the vacuum in the process
chamber was typically 1x10’^  Torr.
SetTTemperature (°C)
Cool down
5 min pui^e j
<--------  N1 mln 1 min i Set time Time
(SetT-350)/10sec
Figure 5-1 Rapid isothermal processing cycle.
5.3. Sample preparation
The cleaning process is performed in three stages via immersion in three different 
baths
1. Methanol at 60 °C
2. Acetone
3. Isopropanol alcohol (IPA).
After the cleaning the samples are rinsed in DI water and dried with (N2) gun. Then 
they are baked for 30 min at 100 °C.
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5.4. Photolithography
Lithography is the process of transferring geometric shapes on a mask to the surface 
of a silicon wafer. During sample preparation, a photosensitive polymer film is 
applied to the silicon wafer, diied and than exposed, with the proper geometrical 
patterns through a photomask, to ultraviolet (UV) light or other radiation. After 
exposure, the wafer is soaked in a solution that develops the images in the 
photosensitive material. Depending on the type of polymer used, either exposed or 
non exposed areas of film are removed in the developing process. The wafer is then 
placed in an ambient that etches surface areas not protected by polymer patterns. The 
wafer is processed in a clean room that is typically illuminated with yellow light since 
photoresist is not sensitive to wavelengths greater than 5000 Â.
The process is performed in three steps:
1) exposure of the material to UV light;
2) developing of the pattern;
3) etching process.
The process, required to produce the Van de Pauw pattern (see fig. 5.2), is briefly 
summaiised in the next few sections.
Figure 5-2 Clover-leaf sample for Hall effect and resistivity meaurements.
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5.4.1. Exposure
The first step requires the use of an UV radiation transmitted through the clear 
parts of a mask. The mask is on a chromium/glass and is placed over the specimen to 
determine the Van der Paw pattern. In our work the positive photoresist used was the 
AZ4330a. It was spun at 4000 RPM for 60 sec, in order to produce a film of «3 pm 
thick. The film so produced is then baked for 40 sec at 100°C and exposed to UV light 
in the Mask Aligner for 3.6 seconds.
5.4.2. Development
Once the wafer has been exposed to the UV light it is time to develop the pattern 
produced on to the photosensitive material. The Van der Paw pattern is developed 
with a solution of water and AZ400K developer (DI water AZ400K: 3:1). Finally it is 
rinsed in DI water and baked at 100 °C for 40 minutes.
5.4.3. Sample etching
After obtaining the Van der Pauw pattern the samples are etched with a solution 
composed of:
1. 125mlofHN03 68.8%,
2. 10 ml HF 48%,
3. 125 ml DI water.
After etching the photoresist is removed by acetone and the samples are cleaned again 
using the same procedure described before.
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5.4A. Metal evaporation
The last step is the production of four ohmic contacts on the four leaves of the sample. 
We use aluminium (AI) as metal for the contacts and the process is carried out in a 
General Evaporator at a pressure of 10'  ^mbar. The aluminium contacts are sintered in 
an 8 Lamp Optical furnace for 1 minute at 400 °C.
5.5. Differential Hall Effect (DHE) measurements
Once ohmic contacts are realized on the sample we can perform electrical 
characterization by resistivity and Hall effect measurement. This tool gives us 
information about sheet resistance (Rs) Hall mobility (pn) and carrier concentration 
(Ns). The thickness of the sample is unknown so the results are related to the whole 
sample.
The DHM technique is able to give us infoimation of Rs, pn and Ns as a function of 
depth. The measurements are performed by the HL5900 which is a fully automated 
differential Hall measurement system.
Hall and resistivity measurements are performed after removing a thin layer of silicon 
from the sample surface. This process is repeated many times. From the difference in 
successive measurements the average mobility and canier concentration in the layer 
removed can be calculated. The preparation of the sample is a crucial step in DHM. A 
sample of 1 cm^ is attached to a sample holder using black wax and four contacts with 
silver paste are made in order to perform the Hall measurement. It is then covered 
with silicone rubber to prevent the erosion of the holder from the hydrofluoric acid 
(HF). The electrical measurements ai'e realized by the technique called Anodic 
oxidation and Strip. An oxide layer is grown electrochemically on the implanted 
sample. The anodising solution is composed of 0.05M KNO3 10% DI water 90% and 
by ethylene glycol (HOCH2CH2OH); a platinum cathode completes the cell. The 
applied voltage controls the thickness of the oxide and uniform layers can be removed 
repetitively. The oxide is removed after an immersion in buffered HF. In the last stage 
the sample is washed and dried.
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An oxide layer is grown with an anodic solution and etched with HF. The value of Rs, 
|iH and Ns are recorded each time.
: •  - ' I / : , # ' # #
Fig. 5-3 Sample holder used for DHM measurement
The electrical profile is than calculated and the difference between two single 
measurements of Ns is divided by the depth of the total silicon etched. This is 
measured by a talystep.
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Chapter 6 
6. Results and Discussion
In this chapter the main experimental results will be presented. First a study of the 
dosimetry of the SWIFT implanter is presented which points out the particular 
uniformity and dosimeti y of the implanter.
Subsequently the implantation of arsenic, antimony and boron on pre-anioiphised 
and crystalline wafers are discussed in term of the implantation and annealing 
conditions.
6.1. Dosimetry of the SWIFT single wafer implant
In this section Rutherford backscattering (RBS) measurements have been performed 
on silicon samples implanted using the SWIFT to check its uniformity and 
dosimetry.
Four samples were implanted with 60keV As^ at nominal doses of (5.5, 5.25, 5.0, 
4.75 10^ 'Vcm^ ) with T  tilt and 22° twist.
The analysis was done with 1.505 MeV 4He^ with a three-point energy calibration 
using the (p,y) reactions at 872keV (F), 632keV (Al) and 992keV (Al). The estimated 
error on the beam energy is less than 5keV. The (secular) energy stability of the 
accelerator is estimated at about 200eV.
Two silicon detectors were used at scattering angles of 160.0® and 130.4®, where the 
scattering angles were determined using a laser together with a precision goniometer, 
and their errors are estimated at about 0.25% largely due to uncertainties in the beam 
path. The electionics calibration was done independently for the two detectors at a 
precision of about 0.5% using a Au/Ni/Si02/Si sample and the procedure in Jeynes 
et al [1].
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The analytical procedure used is equivalent to determining the charge solid-angle 
product for each speetium by fitting to the calculated Si substrate signal. In this 
analysis errors introduced by incomplete charge collection are avoided. In fact, we 
use the Si substi'ate signal only as an inter-sample charge normalisation signal since 
we calibrated for this analysis against the implanted Bi standard.
Accurate values of Si stopping powers are critical for such an analysis: following 
Boudreault et al. [2] we have used the most accurate data of Bianconi [3] for Si 
energy loss that have been re-analysed by Barradas [4] with a sophisticated Bayesian 
method. The channeling part of the spectra was not included in the fitting region of 
interest.
Detector A: data 
Detector A; fit 
Detector B: data 
Detector B: fit
As signals
Det A
DetB
Channel 400
Figure 6-1 RBS spectra fi'om two detectors (A:163.0®; B:130.4®) for wafer 1 (area 
selected: top).
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As can be observed from figure 6-1, the spectra can be well fitted even the small As 
signals are well fitted. The independent As depth profiles from the two detectors can 
be directly obtained, and are presented in figure 6-2; as can be seen, the two profiles 
are almost identical.
0
•200
? 0
0 From detector A
V From detector B
D 8plh10"15al/cm 2
Figure 6-2 Arsenic depth profiles obtained (from two detectors) for wafer 1 (area 
selected: top)
Table 6-1 shows the dose values measured from the four different wafers, and from 
five areas of one of the wafers. Measurements from centre, bottom, left, right and top 
of wafer 1 are labelled Cl, B l, LI, R1 and Tl, respectively; measurements from the 
other wafers were only made on the centre, and are labelled Cl, C2, C3, and C4. 
Two detectors were used independently, and the average doses are shown. The 
detectors were independently calibrated against a secondary standard with an 
implanted Bi dose of 4.64x10^^ cm' .^
64
The estimate accuracy of these measurements is 1.4% calibrated against the IRMM- 
302/BAM-2001 certified Sb implant standard [2].
Sample Nominal dose (xlO^  ^atoms/cm^)
Average dose 
from detectors 
(xlO^^atoms/cm^)
Ratio
det A/det B
Discrepancy 
from nominal 
dose (%)
Cl 4.75 4.77 1.002 0.42
Bl 4.75 4.76 0.988 0.21
LI 4.75 4.78 0.998 0.57
R1 4.75 4.77 0.987 0.42
Tl 4.75 4.78 1.002 0.57
C l rep 4.75 4.78 1.008 0.57
C2 5.00 4.97 0.996 -0.70
C3 5.25 5.22 1.020 -0.52
C4 5.50 5.49 0.997 -0.19
Average 1.000 -0.49
Error (%) 1.10 0.70
Table 6-1 Nominal and average measured dose values of the five samples (labelled 1 
to 4), together with det A/det B dose ratio and discrepancy from the nominal dose. C, 
B, L, R, and T stand for Centre, Bottom, Left, Right, and Top.
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The measured dose variation across the sample 1 (first five rows of table 6-1) is 
about 0.5%, consistent with the counting statistics of the measurements (two 
detectors at 1% each). The ratio of the A and B detectors is very close to one with a 
standard deviation of about 1%. This is accidentally rather lower than the 1.4% 
expected (two detectors each with 1% counting statistic). Therefore the 
measurements are internally consistent, justifying the estimate of -0.5% 
measurement precision.
The dose uniformity is known by independent method to be better than 0.5%, and 
therefore the discrepancy estimate must have an error given by the sum (in 
quadrature) of the measurements precision and the implanted dose precision.
This is consistent with the measured 0.7% standard deviation of the discrepancy (last 
column of Table 6-1). The average discrepancy of 0.5% is indistinguishable from 
zero in the presence of a measurement absolute accuracy of 1.4%.
The RBS measurements have not detected any non-uniformity and the SWIFT 
dosimetry has been validated at 1.4% accuracy.
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6.2. Arsenic implants at different tilt anales on a-Si and c-Si
Two sets of silicon wafers were implanted with 60 keV arsenic ions at a dose of 
5x10^  ^cm'^, using an Applied Materials SWIFT implanter. The first batch consisted 
of four silicon wafers pre-amoiphised with Ge^ 60keV at a dose of 5x10^  ^ cm"^  (a- 
Si), whilst the second batch was implanted under the same conditions into <100> 
single crystal wafers (c-Si). The tilt angle was varied over the range 0° - 45° with a 
step of 15° tilt. The twist angle was fixed at 0° degree.
After implantation the samples were cut into smaller pieces and annealed in the range 
800 to 1000 °C for times up to 60 seconds in flowing nitiogen.
6.2.1. Thermawave on As^ 60 keV on a-Si and c-Si
Thermawave (TW) measurements have been performed to evaluate dose uniformity 
for all the samples at different tilt angles and to give a qualitative estimation of the 
damage (only RBS measurements give a quantitative calculation of damage). Figure 
6-3 and figure 6-4 shows the average TW and the standard deviation for the two set 
of silicon samples at different tilt angles. The average TW signal for pre-amoiphised 
samples is approximately eonstant with an average of 26000 a.u. because all samples 
have been pre-amoiphised with the same conditions. Also for crystalline samples the 
average TW signal is approximately constant with an average of 10000 a.u. due to 
the high dose implanted. The standard deviation versus the tilt angle was plotted in 
fig. 6.4. The standard deviation gives us an indication of the uniformity of the dose 
implanted all over the wafer. The results show that the wafer uniformity is between 
0.17-0.52% across the 200 mm wafer.
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—■— a-Si 
—•  — c-Si
35000 -
30000 -
=  25000 -
20000 -
2  15000 -
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0 3015 45
Tilt angle (degrees)
Figure 6-3 Thermawave maps for As 60 keV at a dose of 5x10*' ions/cm^ on a-Si 
and c-Si wafers for different tilt angle.
—■ — a-si 
—• — c-Si0 .8 -
O 0 . 6 -
T3 0 .4 -
CO 0 . 2 -
0.0
0 15 30 45
Tilt angle (degrees)
Figure 6-4 Standard deviation from Therma-wave measurements for As 60 keV dose
5x10^  ^ ions/cm^ for a-Si and c-Si as implanted samples at different tilt angles.
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6.2.2. RBS on As* 60 keV at different tilt angles
The first set of measurements was performed to estimate the retained dose on as- 
implanted samples, whilst the second set of measurements was performed on 
samples after annealing again to determine the retained dose.
The RBS spectra can be divided in to different areas. The first is relative to the 
random and the channelled spectra relative to the silicon matrix. The second area is 
relative to the As profile. The As dose implanted in all samples exceed the critical 
dose for amoi*phisation [5] in silicon. This will result in complete amorphisation of 
and the thickness of the damage layer will depend on the tilt angle. A quantification 
of the damage thickness of the amorphous layer has been obtained using the 
DataFurnace software program [6].
Figure 6-5 shows a typical RBS spectra (random and channelled) for 0° tilt on pre- 
amorpliised wafers annealed at 1000 for T=30sec. There are two peaks in the 
aligned spectra, one is caused by the damage of the silicon crystal (at about channel 
270) the other is the doped arsenic peak (at about channel 368).
In figure 6-6 the arsenic profile from RBS at different tilt angles is shown. The 
increase of tilt angle û om 0® to 45° results in a profile implanted nearer to the surface 
due to decrease of the projected range. The projected range will be defined as:
Rp=RpoCOs0 Eq. 6-1
where Rpo is the projected range when 0=0 and 0 is the tilt angle.
An increase in the value of the tilt angle results in a shorter projected range.
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Ü30O
7000
random
channelled
0
100 Channel 400
Figure 6-5 Random and channelled spectra from RBS for As at 0° tilt on pre- 
amorphised samples annealed at T=1000 °C for t=30 s.
700 0 tilt
15 tilt
30  tilt
45 tilt
350 Channel 390
Figure 6-6 Atomic profile from RBS random spectra for pre-amorphised samples at 
different tilt angles.
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Results in Table 6-2 show that for as implanted samples the implanted dose (5x10^  ^
cm'^) is equal to the retained dose (average of 4.97x10*^), within experimental error. 
Thus we can deduce that no sputtering or backscattering occurs. Table 6-3 shows the 
retained dose for samples after annealing. We see that the retained dose has reduced 
by about 10% to 4.46x10^^ cm'^ on average for all the wafers after annealing as a 
consequence of the out-gassing of arsenic during annealing. The absolute error in the 
retained dose for each single measurement was less than 5%.
T ilt
a n g le
(d e g r e e s )
N o m in a l
d o se
( I t f s
a t/cm ^ )
R e ta in e d
d o s e
( K f s
a t/cm ^ )
P r e -
a m o r p h is e d C r y s ta l l in e
0 5 .0 0 4 .9 6 Y e s
15 5 .0 0 4 .9 7 Y e s
3 0 5 .0 0 4 .9 5 Y e s
45 5 .0 0 4 .9 8 Y e s
0 5 .0 0 4 .9 8 Y e s
15 5 .0 0 4 .9 7 Y e s
3 0 5 .0 0 4 .9 6 Y e s
45 5 .0 0 4 .9 6 Y e s
Table 6-2 Retained dose measured by RBS for all the wafers at different tilt angles 
before annealing
T ilt
angle
(d egrees)
N om in a l
dose
(10*=
at/cnT )
R eta in ed
dose
(lO 's
a t /c n f)
P re-
am orph ised C rysta llin e
0 5.00 4 .46 Y es
45 5.00 4 .44 Y es
0 5.00 4 4 7 Y es
45 5.00 4.45 Y es
Table 6-3 Retained dose measured by RBS for wafers at different tilt angles after 
annealing at 800 “C.
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6.2.3. Electrical Results of As 60 keV at different tilt angles
The Van der Paw technique was employed to measure the sheet resistance. Hall 
mobility and the sheet carrier concentration. Figures 6-7 to 6-14 show the sheet 
resistance, electrical active dopant (defined as the ratio between the sheet carrier 
concentration and the retained dose) and Hall mobility as a function of the tilt angle 
for pre-amorphised and crystalline wafers for different annealing temperatures and 
times. At this level of doping for arsenic the junction depth controls the sheet 
resistivity [7]. The sheet resistance can be defined as:
1— pXjqj^ )LiC(x)dx
where q is the electronic charge, p is the mobility, C(x) is the dopant concentration 
and Xj is the junction depth. The dopant concentration calculated between 0 and Xj 
decreases with the tilt angle. So if the mobility remains constant the Rs will increase. 
Figure 6-7 and 6-8 show the sheet resistance as a function of the tilt angle at different 
temperatures and times of annealing.
Eq. 6-1
90 j
80 -
C7
S /O
(AÛC
60 - 
o
50 4-
15 30
Tilt angle (degrees)
45
■1=800 C a -S i  
•1= 800 C c-S i 
•1= 900 C a-SI 
1 = 9 0 0  C o -S i  
T= 1000 C a -S i  
•T =1000 C c-S i
Figure 6-7 Sheet resistance for 60 keV As^, dose 5x10^  ^ ions/cm^ at different tilt 
angles for different temperature of annealing fixing t=30sec for pre-amorphised (a- 
Si) and crystalline sample (c-Si).
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Figure 6-8 Sheet resistanee for 60 keV As^, dose 5x10*  ^ ions/cm^ at different tilt 
angles annealed at 1000 for different time of annealing for pre-amorphised (a-Si) 
and erystalline sample (c-Si).
In our experiment the dose and the energy have been chosen in order to reaeh a peak 
eoneentration of 1.4x10"* and a projeeted range of 40 nm at 0"^  tilt up to 2x10^* cm'  ^
and a projected range of 20nm at 60® tilt (above the solid solubility of arsenic in 
silicon [8]). The eleetrieal activation of arsenic from ion implanted samples depends 
on the ion dose and the annealing temperature. If the implantation is performed 
above the solid solubility it will result in the formation of elusters or preeipitates 
resulting in eleetrieal deaetivation of the dopant [9].
In our experiment the eleetrieal activation of arsenic increases from 42% at 0® tilt in 
the pre-amorphised wafer annealed at 800 ®C up to 58% on pre-amorphised samples 
annealed at 1000 ®C. The deerease in eleetrieal activation (up to 7%) at 0® tilt in 
crystalline silicon for all the temperatures is due to ehannelling.
The deerease of eleetrieal activation as a function of the tilt angle is correlated to the 
quantity of arsenic exceeding the solid solubility limit. The increase in the tilt angle 
will result in a narrower profile (the straggle deereases with the tilt angle) and 
because the retained dose is the same for all the samples the peak concentration will 
increase. The higher will be the tilt angle the lower will be the eleetrieal aetivation.
In figure 6-9 and 6-10 the eleetrieal active dopant is plotted as a function of the tilt 
angle for different temperatures and times of annealing.
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Tilt angle (degrees)
-h - T = 800C  a-Si 
T=900C  a-Si 
T =1000C  a-Si 
-e — 1 = 8 0 0  c-S i 
-B— T=900 c-S i 
-A— T =1000C  c-S i
Figure 6-9 Electrical active dopant for 60 keV As % dose 5x10''  ^ ions/cm^ at different 
tilt angles at different temperature of annealing for t=30sec for pre-amorphised (a-Si) 
and crystalline sample (c-Si).
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—• — 1=1 Os a-Si
-  *  1=1Os c-S i
- A - 1=30 c -Si
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Figure 6-10 Electrical active dopant for 60 keV As ,^ dose 5x10'"' ions/cm^ at 
different tilt angles at different time of annealing for T=1000 °C for pre-amorphised 
(a-Si) and crystalline sample (c-Si).
The difference in electrical activation between pre-amorphised and crystalline 
samples is significant at 0® tilt where the pre-amorphisation (avoiding channeling)
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results in an enhancement of 7% in electrical activation. The electiical activation is 
increased up to 5% for 30® and 45® tilt. In table 6-4 are reported the electiical 
activation of arsenic at different tilt angles is shown.
Tilt
angle
Electiical 
activation on a-Si
(%)
Electrical 
activation on c-Si 
(%)
Temperature 
of annealing 
(®C)
Time of
annealing
(sec)
0 57 50 1000 30
15 55 53 1000 30
30 53 48 1000 30
45 47 42 1000 30
Table 6-4 Electrical activation of pre-amoiphised and crystalline sample of As
5x10*  ^cm"^  annealed at 1000 ®C for 30 sec.
The Hall mobility is correlated to the Rs and Ns by: 
1
assuming
qN^Rs 
Mh _
Eq. 6-2
where q is the electronic charge and pu the drift mibility.
The Hall mobility is a ftmction of the concentiation of the implanted dopant [10] and 
does not depend on the tilt angle. The Rs increases with the tilt angle whereas the Ns 
decreases. As a result of this the pu will be approximately constant.
Figure 6-11 and 6-12 shows the Hall mobility as a âinction of the tilt angle for 
different temperature and time of annealing for pre-amoiphised and crystalline 
samples.
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—B --T = 800C  a-Si
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—X --T -9 0 0 C  a-Si
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Figure 6-11 Hall mobility for 60 keV As^, dose 5xlO'^ ions/cm^ at different tilt 
angles at different temperature of annealing for t=30sec for pre-amorphised (a-Si) 
and crystalline sample (c-Si).
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Figure 6-12 Hall mobility for 60 keV As^, dose 5x10^  ^ ions/cm^ at different tilt 
angles at different time of annealing for T=1000 °C for pre-amorphised (a-Si) and 
crystalline sample (c-Si).
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6.2.4. Differential Hall measurements for As* 60 keV
Differential Hall measurements (DHM) were performed on arsenic implanted 
samples in order to obtain information about the electrical profile at different tilt 
angles and for different annealing temperatures. Figure 6-13 shows the electrical 
profiles for the arsenic samples at two different annealing temperatures and at two 
different tilt angles compared with an atomic profile from SSUPREM IV simulation.
Ü
1.00E +22
1.00E+21
1.00E+20
1.00E+19
1.00E+18
10 30 7050 90 110 130
0 tilt 900 C 
k -  0 tilt 1000 C 
i — Silvaco
Depth (nm)
Figure 6-13 Carrier concentration profiles of 60 keV As at 0° tilt; dose 5x10'*' cm '^  
after annealing for 30 sec at 1000 °C for a-Si. The as implanted profile, obtained by 
SSUPREM IV, is shown for comparison.
Figure 6-13 shows that the top part (region beyond 5x10“^  cm'^) of the as implanted 
profile is inactive. As a result the maximum value of carrier concentration does not 
exceed 5-6x10^  ^ cm '\ The annealing process results in diffusion of the dopant of 
about 20 nm at 1000 in the tail region.
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Figure 6-14 Carrier concentration profiles of 60 keV As at 0" and 45° tilt; dose 
5x10*'^  cm'  ^after annealing for 30 sec at 1000 °C for a-Si.
Figure 6-14 shows the effect of the tilt angle on the electrical profiles. The two 
graphs are nearly identical because the carrier concentration does not exceed the 
solid solubility of arsenic. The implant profile at 45° tilt is lies nearer to the surface 
because the projected range scales with the cosine of the tilt angle. As a result the 
integrated area under the electrical profile (the electrical active dose) will be higher 
at 0° tilt and will decrease as the tilt angle increases. Table 6-5 summarises the results 
obtained from Hall and DHM measurements.
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Tilt angle 
(degrees)
Electrical activation 
(Hall)
(%)
Electrical
activation
(DHM)
(%)
Pre-
amorphised
0 56.7 58.2 Yes
45 47.1 48.0 Yes
0 50.2 49.8 No
45 40.2 41.1 No
Table 6-5 Activation of implanted dopant with different techniques for 60 keV As
after annealing at 1000 °C for 30 sec.
The electiical activation from Hall measurements is given by the ratio between the 
sheet cairier concentiation and the retained dose whereas the electrical activation 
from DHM is obtained from the area under the electrical profile divided by the 
retained dose for each tilt angle. As results are approximately equal, the two 
measurements are consistent.
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6.3. Antimony implants at different tilt angles on a-Si and c-Si
Two sets of silicon wafers were implanted with 70 keV antimony ions at a dose of 
5x10'"  ^cm’^ , using an Applied Materials SWIFT implanter. The first batch consisted 
of five silicon wafers pre-amorphised with Ge  ^ 160 keV at a dose of 5xlO'^ cm‘‘, 
whilst the second batch was implanted under the same conditions into <100> single 
crystal wafers. The tilt angle was varied over the range 0° - 60° with a step of 15° tilt. 
The energy of the implanted samples was chosen to match the projected range of 40 
nm at 0 tilt.
After implantation the samples were annealed in the range 700 to 900 °C for times up 
to 60 seconds in flowing nitrogen.
6.3.1. Therma-wave of 70 keV 5x10^  ^Sb* on a-Si and c-Si
Thermawave measurements have been performed to evaluate dose uniformity for all 
the samples at different tilt angles. Figure 6-15 and figure 6-16 shows the therma­
wave measurements for the two set of silicon samples at different tilt angle.
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Figure 6-15 Average Therma-wave signal for Sb 70 keV dose 5x10''  ^ ions/cm^ for as
implanted samples at different tilt angles.
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Figure 6-15 shows that the average TW for pre-amorphised samples is constant 
(around 30000). This means that the samples present the same level of damage (all 
samples have been pre-amorphised under the same conditions). For crystalline 
samples the therma-wave signal decreases with the tilt angle showing that the 
amorphous thickness decreases with the tilt angle.
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•I* 0 .4
0 .3 • a~Si 
c-S i
0 15 30  45
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Figure 6-16 Standard deviation from Therma-wave for Sb 70 keV dose 5x10 
ions/cm^ for as implanted samples at different tilt angles.
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TW gives us an indication of the uniformity of the dose implanted all over the wafer. 
The results show that the wafer uniformity is between 0.17-0.55% across the 200 mm 
wafer.
6.3.2. SIMS analysis on Sb  ^at different tilt angles
SIMS analyses were perfomied on antimony 70 keV at a dose of SxlO^ '^  cm'^ to 
determinate the atomic distribution at different tilt angles and on different substrate 
conditions in silicon samples on as implanted and annealed samples.
In table 6-6 are listed the analysed samples with their main characteristics
Samples Tilt angle Thermal treatment
SbOc-Si 0° no
Sbl5c-Si 15° no
Sb30c-Si 30° no
Sb45c-Si 45° no
Sb60c-Si 60° no
SbOa-Si 0° no
Sbl5a-Si 15° no
Sb30a-Si 30° no
Sb45a-Si 45° no
Sb60a-Si 60° no
SbOc-SiTt 0° 700°C; 30 sec.
Sbl5c-SiTt 15° 700°C; 30 sec.
Sb30c-SiTt 30° 700°C; 30 sec.
Sb45c-SiTt 45° 700°C; 30 sec.
Sb60c-SiTt 60° 700°C; 30 sec.
SbOa-SiTt 0° 700°C; 30 sec.
Sbl5a-SiTt 15° 700°C; 30 sec.
Sb30a-SiTt 30° 700°C; 30 sec.
Sb45a-SiTt 45° 700°C; 30 sec.
Sb60a-SlTt 60° 700°C; 30 sec.
Table 6-6 List of the samples analysed by SIMS at different tilt angles fro pre- 
amoiphised (a-Si) and crystalline samples (c-Si).
82
The analyses have been performed using a Cs  ^primary beam with impact energy of 
IkeV; the secondary ions are the molecular species as matrix signal and
’^ 'SbSr for its higher ion yield compared to '^’Sb'.This condition gives both a good 
detection limit and depth resolution: the Antimony detection limit is near 2*10'*' 
at/cm\ The quantification has been obtained using a '^^Sb implant in a Si certified 
standard: it is reliable that the RSF does not change for the two isotopic species 
('^'Sb=57.2%, ' '^^Sb=42.8% are the natural abundances). The sputtering rates have 
been determined by measuring the final crater depths using a stylus profilometer 
Tencor P-15. The analyses accuracy is around 5%. In figures 6-17- to 6-21- the Sb 
profiles are compared for each implant angle with the different treatment conditions 
for a-Si and c-Si. The last four (figure 6-22 to 6-25) show the same profiles 
compared for different impact angles at the same treatment condition. The matrix 
silicon signal is referred to the right axis in counts per second, whereas the Sb signals 
are quantified in atoms/cm^.
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Figure 6-17 SIMS atomic profiles o f Sb for 0° implanted samples on a-Si.
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Figure 6-18 SIMS atomic profiles of Sb for 15° implanted samples
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Figure 6-19 SIMS atomic profiles o f Sb for 30° implanted samples.
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Figure 6-20 SIMS atomic profiles of Sb for 45° implanted samples.
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Figure 6-21 SIMS analyses comparison of Sb 60° implanted samples.
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Figure 6-22 SIMS atomic profiles of Sb implanted in c-Si at different angles for as 
implanted samples.
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Figure 6-23 SIMS atomic profiles of Sb implanted in a-Si at different angles.
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Figure 6-24 SIMS analyses comparison of Sb implanted in c-Si at different angles 
and annealed at 700°C for 30s.
1E21
a -S i 0° 700 Y  30s  
a - S i 15° 70 0  °C 30s  
a -S i 30° 700 °C 30s  
a -S i 45 ° 700 °C 30s  
a -S i 60 ° 700 °C 30s
1E20
S  1E19
1E18
1E17
Increasing 0
1E16
150 
Depth [nm]
200 250 300
Figure 6-25 SIMS analyses comparison of Sb implanted in a-Si at different angles 
and annealed at 700°C for 30s.
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Figure 6-26 Superimposition of the SIMS profiles obtained by ims4F and SC-Ultra 
Cameca apparatuses. The Ge profile is referred to the right axis:
In figure 6-26 the SIMS profiles obtained by the two Cameca apparatuses ims4F and 
SC-Ultra are superimposed: the aim of the ims4F measurement was the identification 
of the Ge profile implanted at 160keV IxlO’'^  at/cm^ for the preamorphization 
process. The high energy used to perform this analysis -at 14.5keV- causes a 
degradation of the depth resolution -due to knock on effects- and an expansion of the 
altered layer -evident by comparison of the matrix signals-. The projected range of 
110 nm obtained by SIMS for Ge 160 keV 1x10*  ^ cm'  ^ is in agreement with TRIM 
results.
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Samples Dose Peak conc. Rp Op Xj
[at/cm^I [at/cm^] [nm] [nml [nm]
SbOc-Si 5.0x10^^ 1.63x10^° 383 31 98
Sbl5c-Si 5.2x10 '^^ 1.69x10^° 34.9 30 87
Sb30c-Si 5.1x10‘^ 1.9x10^° 31.4 28 83
Sb45c-Si 5.2x10^^ 2.06x10^° 22.2 22 77
Sb60c-Si 4.7x10'^ 2.21x10^° 17.2 18 52
SbOa-Si 5.0x10'^ 1.66x10^" 38.0 33 90
Sbl5a-Si S.OxlO^ '^ 1.75x10^° 353 29 86
Sb30a-Si 5.1x10^^ 1.75x10^° 31.9 28 79
Sb45a-Si 4.9x10^^ 1.93x10^^ 25.3 26 70
Sb60a-Si 4.8x10^^ 2.12x10^° 16.6 23 59
Sb0c-Si700C 30s 5.1x10^^ 1.75x10^" 363 30 96
Sbl5c-Si700C30s 5.1x10^^ 1.78x10^° 35 30 91
Sb30c-Si700C 30s 5.0x10 '^* 1.83x10^° 30.1 28 83
Sb45c-Si700C 30s 5.2x10^^ 2.08x10^° 25.8 26 76
Sb60c-Si700C 30s 4.7x10^^ 2.15x10^° 16 26 58
SbOa-Si 700C 30s 5.0x10^^ 1.51x10^" 39.9 32 95
Sbl5a-Si700C 30s 5.0x10^^ 1.77x10^° 35 29 84
Sb30a-Si700C 30s 5.0x10’^ 1.86x10^° 30 27 79
Sb45a-Si700C 30s 4.9x1 O^'* 1.97x10^® 23 25 69
Sb60a-Si700C 30s 4.8x10^^ 2.15x10^° 16 23 58
Table 6-7 SIMS results for as implanted and annealed samples at different tilt 
angles.
The experimental data obtained by SIMS analyses aie reported in the table 6-7: 
Dose; implant peak concentration; projected range, stiaggle, and junction depth 
(depth position at the concentration 1x10^  ^at/cm3) for all samples.
From the results above we can observe that: the preamorphisation causes a reduction 
of the Sb implant tail for every impact angle. Enhancing the Sb impact angles 
produce a progressive reduction of the projection range and increasing the peak 
concentration. The projected range, the straggle and the junction depth are a hmction
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of the tilt angle. The annealing process at 700°C for 30s does not change 
significantly the profiles shape except for the near surface region.
6.3.3. SSUPREME4 for Sb*
Atomic profiles obtained from SSUPREM4 software using a Monte Carlo implant 
model have been compared to SIMS profiles for antimony at different tilt angles to 
evaluate any difference between the theoretical model and the experimental data. 
Figures 6-27 to 6-31 show the experimental and simulated atomic profiles of 
antimony for all the tilt angles on pre-amorphised and crystalline samples.
The simulated profiles are obtained using a Monte Carlo implant model with a 
statistic of 100000 ions. The simulated and the SIMS profiles are identical for a-Si 
and c-Si for the sample implanted at 0° tilt. In this particular case a Single Verified 
Dual Pearson (SVDP), which used tables from experiments, conducted in University 
of Texas. In the other profiles a small deviation is observed in the tail region under 
IxlO'^ cm' .^ The difference is due to use in the wrong value of the higher moment of 
the simulation (skewness and kurtosis) in the model leading to a discrepancy in the 
channelling tail of the distribution.
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Figure 6-27 Comparison of SIMS and simulated data for Sb* at O*’ tilt in a-Si and c-
Si.
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Figure 6-28 Comparison of SIMS and simulated data for Sb  ^at 15® tilt in a-Si and c- 
Si.
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Figure 6-29 Comparison of SIMS and simulated data for Sb  ^at 30® tilt in a-Si and c-
Si.
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Figure 6-30 Comparison of SIMS and simulated data for Sb  ^at 45® tilt in a-Si and c- 
Si.
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Figure 6-31 Comparison of SIMS and simulated data for Sb  ^at 60® tilt in a-Si and c-
Si.
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6.3.4. RBS on Sb* 70 keV at different tilt angles
RBS analysis was performed at different tilt angles on as implanted and annealed 
samples. A study was conducted in order to quantify the retained dose before and 
after annealing and to calculate the substitutional fraction as a function of the tilt 
angle. In figure 6-32 and 6-33 we have plotted the retained doses for as implanted 
and annealed samples on pre-amorphised and crystalline samples. The average dose 
is 5.02x10*'* cm'  ^ for samples between 0® and 45® tilt with an error of ±5%. There are 
two peaks in the aligned spectra (fig. 6-34), the first is the germanium peak at 345 
and the second is the doped antimony (at about channel 350) The surface radiation 
damage of the crystal induced by ion implantation enhances the yield of the aligned 
RBS/C spectrum. The more disordered the silicon surface layer atoms, the greater the 
yield of damaged silicon until the damage area is completely amorphous. The other 
factor, which affects the RBS/C yield, is the thickness of the amorphous layer. It had 
been reported [11] that the critical dose for amorphism of Sb in silicon is 2x10*'* 
which is less than our effective dose 5x10*'*. We have to distinguish between pre- 
amorphised and crystalline wafer. The thickness of the pre-amorphised samples is 
determined only by the germanium implant whereas the crystalline ones are 
determined by the antimony implant.
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Figure 6-32 Retained dose as a function of tilt angle for Sb 70 keV 5x1 O*'* cm'" for 
as implanted samples.
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Figure 6-33 Retained dose as a function of tilt angle for Sb 70 keV 5x10*'* cm'  ^for 
samples annealed at 700 for 30s.
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Figure 6-34 RBS random and channeled spectra for Sb 70 keV 5x10'"* cm‘^  at 0° tilt 
on as implanted and after annealing at 700° C for 30sec.
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Figure 6-35 RBS spectra for as implanted samples at 0^  and 60*^  tilt for Sb 70 keV 
5x10’"^ cm'  ^ in a-si.
Figure 6-35 shows that the profile for a tilt of 60 degrees is implanted nearer to the 
surface than one at 0® tilt confirming the SIMS measurements and TRIM prediction. 
The germanium peak is unchanged because all the samples have been preamorphised 
under the same condition.
The annealing process is performed after implantation in order to remove the damage 
and to activate the dopant. The electrically active dopant is proportional to the 
concentration of Sb atoms that replace silicon atoms in substitutional lattice sites.
The RBS channeled spectra give us the concentrationof Sb atoms that are in 
interstitial lattices sites. A reduction in the RBS channeled spectra will result in an 
increase of the subtitutional fraction.
Figure 6-34 shows the RBS random and channeled spectra at 0® tilt before and after 
annealing. The RBS channelled spectra shows a significant decrease in the Ge and 
Sb signal suggesting a high value in substitutional sites.
We have extracted the substitutional fraction using the Data furnace software. The 
subtitutional fraction Sf will be:
Counts{channeUed)
S I  =  1 Coimts{random) Eq. 6-3
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In figure 6-36 and 6-37 the subtitutional fraction for pre-amorphised and crystalline 
samples as a function of the tilt angle are plotted.
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Figure 6-36 RBS data for Sb 70 keV dose 5x10 '^^  cm'  ^ for pre-amorphised samples 
annealed at 700 °C for 30s.
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Figure 6-37 RBS data for Sb 70 keV dose 5el4 for crystalline samples annealed at 
700 °C for 30s.
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The substitutional fi'action for pre-amorphised samples has a maximum of 94% at 15° 
tilt and then decreases to 88% at 60° tilt The trend for crystalline samples is similar 
to the one for pre-amoiphised samples. The subtitutional fraction decreases from 
93% at 15° tilt up to 78% at 60° tilt. The minimum at 0° tilt for the crystalline sample 
is correlated to <100> axial channelling. The decrease in substitutional fraction is 
related to the amount of the dopant that exceeds the solid solubility. We have 
observed from the SIMS results that when the tilt angle increases the peak 
concentration increases and so the quantity of antimony that exceed the solid 
solubility increases also. This will result in a decrease of the substitutional fraction 
observed by the RBS measurements. This will also affect the electrical properties of 
antimony implanted in silicon.
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6.3.5. Electrical results of 70 keV Sb*
The Van der Pauw technique was employed to measure the sheet resistance, sheet 
Hall mobility and the sheet carrier concentration. Figures 6-38 to 6-43 show the sheet 
resistance, sheet Hall mobility and sheet carrier concentration as a function of the tilt 
angle for pre-amorphised and crystalline wafers for all annealing temperatures and 
times.
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Figure 6-38 Sheet resistance for 70 keV Sb% dose 5x10’'* ions/cm^ at different tilt 
angles for different annealing temperatures fixing t=30sec for pre-amorphised (a-Si) 
and crystalline sample (c-Si).
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Figure 6-39 Sheet resistance for 70 keV Sb  ^ dose 5x10’"* ions/cm^ at different tilt
angles for different annealing times fixing T=700 for pre-amorphised (a-Si) and
crystalline sample (c-Si).
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Figure 6-40 Sheet carrier concentration for 70 keV S b\ dose 5x10*"^  ions/cm^ at 
different tilt angles at different annealing temperatures for t=30sec for pre- 
amorphised (a-Si) and crystalline sample (c-Si).
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Figure 6-41 Sheet carrier concentration for 70 keV S b \ dose 5x10*"^  ions/cm^ at
different tilt angles at different annealing times for T=70() °C for pre-amorphised (a-
Si) and crystalline sample (c-Si).
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Figure 6-42 Hall mobility for 70 keV S b \ dose 5x10'“^ ions/cm^ at different tilt 
angles at different annealing temperatures for t=30sec for pre-amorphised (a-Si) and 
crystalline sample (c-Si).
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Figure 6-43 Hall mobility for 70 keV Sb\, dose 5x10'“^ ions/cm^ at different tilt
angles at different annealing times for T-1000 °C for pre-amorphised (a-Si) and
crystalline sample (c-Si).
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The sheet resistance (see figure 6-38-6-39) increases with the tilt angle for all the 
annealing temperatures due to a decrease of the junction depth from 98 nm at 0° tilt 
to 58 nm at 60° (se table 6-7). The sheet carrier concentration decreases with the tilt 
angle as a result of a decrease of the subtitutional fraction found with the RBS 
measurement. The pre-amorphisation with germanium avoids channelling and 
increases the electrical activation at 0° tilt. Table 6-8 summarises the results obtained 
from Hall and RBS measurements for pre-amorphised and crystalline samples 
annealed at 700 °C for 30 seconds. The electrical activation from Hall measurements 
has been defined as the ratio between the sheet carrier concentration and the retained 
dose. The results are equal within the experimental error of ±4%.
The Hall mobility, as we found for arsenic implanted samples does not depend on the 
tilt angle for all the annealing temperatures and times for both the pre-amorphised 
and crystalline samples. The Hall mobility is the product of Rs and Ns.
Sample Substitutional fraction 
(%)
Electrical activation 
(%)
SbO a-Si 96 94
Sbl5 a-Si 94 92
Sb30 a-Si 93 90
Sb45 a-Si 89 87
Sb60 a-Si 86 85
SbO c-Si 84 82
Sbl5 c-Si 93 90
Sb30 c-Si 90 87
Sb45 c-Si 86 83
Sb60 c-Si 79 77
. . .
Table 6-8 Comparison between electrical activation from Hall effect and 
substitutional fraction from RBS for Sb 70 keV dose 5x10^  ^ cm'^ at different tilt 
angle for samples annealed at 700 °C for 30 sec.
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6.3.6. DHWI for Sb  ^70 keV on a-Si and c-Si
DHM measurements were perfomied on antimony implanted samples in order to 
obtain information about the electrical profiles at different tilt angles (0°, 30° and 60° 
tilt) for pre-amorphised and crystalline samples and for different annealing 
temperatures (700 °C to 900°C). All the electrical profiles have been compared with 
SIMS atomic profiles to estimate the diffusion of the dopant (see figure 6-44 to 6- 
49). The electrical profiles are similar to the atomic profile obtained by SIMS for 
temperatures up to 800 °C as a consequence no diffusion of the dopant occurs. It is 
reported in the literature that antimony diffiises in silicon via the vacancy mechanism
[12] and for high temperature of annealing. DHM profiles indicate that some 
diffusion starts at 900 °C. If we consider the junction depth when the atomic 
concentration reaches 1x10'^ cm’^  we can estimate a diffusion of 10 nm for all the 
pre-amorphised samples. The crystalline samples present diffusion of 15 nm.
The electrical activation from Hall measurements is given by the ratio between the 
sheet carrier concentration and the retained dose (measured by RBS) whilst the 
electrical activation from DHM is obtained from the area under the electrical profile 
divided by the retained dose for each tilt angle. The results from the two techniques 
are approximately equal (tables 6-9 and 6-10); consequently the two measurements 
are consistent.
No significant profile broadening is observed for annealing temperatures of 700 °C 
and 800 °C. The diffusion process starts at 900 °C where a broadening of the 
electrical profile is observed in the DHM spectra and the peak concentration falls to 
7x10^  ^cm"\
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Tilt angle 
(degrees)
Electrical 
activation (Hall)
(%)
Electrical activation 
(DHM)
(%)
Annealing
condition
Oa-Si 95 93 700 °C 30s
30 a-Si 93 94 700 °C 30s
60 a-Si 86 88 700^S30s
Oa-Si 93 95 800 °C 30s
30 a-8i 91 90 800°C30s
60 a-Si 84 80 800*C30s
Oa-Si 86 84 900 °C 30s
30 a-Si 84 81 900°C30s
60 a-Si 78 76 900 °C 30s
Table 6-9 Comparison of electrical activation from Hall and DHM measurements for 
Sb 70 keV dose 5x10’"^ cm'^ from pre-amorphised samples.
Tilt angle 
(degrees)
Electrical 
activation (Hall)
(%)
Electrical
activation
(DHM)
(%)
Annealing
condition
Oc-Si 82 80 700 "C 30s
30 c-Si 87 85 700 °C 30s
60 c-Si 78 80 700 °C 30s
Oc-Si 78 76 800 °C 30s
30 c-Si 83 86 800°C30s
60 c-Si 72 74 800°C30s
Oc-Si 71 70 900*C30s
30 c-Si 76 73 900 T  30s
60 c-Si 68 70 900 ‘^ C 30s
Table 6-10 Comparison of electiical activation from Hall and DHM measurements 
for Sb 70 keV dose 5x10^ "^  cm'^ from crystalline samples.
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Figure 6-44 Carrier concentration profiles of 70 keV Sb at 0® tilt; dose 5x10’'* cm‘^  at 
different annealing temperatures for a-Si. The as implanted profile, obtained by 
SIMS is shows for comparison.
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Figure 6-45 Carrier concentration profiles of 70 keV Sb at 0“ tilt; dose SxlO’'* cm'  ^at
different annealing temperatures o f for c-Si. The as implanted profile, obtained by
SIMS is shows for comparison.
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Figure 6-46 Carrier concentration profiles of 70 keV Sb at 30® tilt; dose 5x10'"' cm*^  
at different annealing temperatures for a-Si. The as implanted profile, obtained by 
SIMS is shows for comparison.
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Figure 6-47 Carrier concentration profiles of 70 keV Sb at 30® tilt; dose 5x10'"* cm'^
at different annealing temperatures for c-Si. The as implanted profile, obtained by
SIMS is shows for comparison.
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Figure 6-48 Carrier concentration profiles of 70 keV Sb at 60° tilt; dose 5x10'"* em‘^  
at different annealing temperatures for a-Si. The as implanted profile, obtained by 
SIMS is shows for comparison.
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Figure 6-49 Carrier concentration profiles of 70 keV Sb at 60° tilt; dose 5x10'"* em'^
at different annealing temperatures for e-Si. The as implanted profile, obtained by
SIMS is shows for comparison.
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6.4. Boron implants at different tilt angles into a-Si and c-Si
Two sets of silicon wafers were implanted with 10 keV boron (B ) ions at a dose of 
5x10*"^  cm‘^ , using an Applied Materials SWIFT implanter. The first batch consisted 
of five silicon wafers pre-amorphised with Ge^ 160 keV at a dose of 5x10’"^ cm'^, 
whilst the second batch was implanted under the same conditions into <100> single 
crystal wafers. The tilt angle was varied over the range 0"^  - 60*^  with a step of 15° tilt. 
The energy of the implanted samples was chosen to match the projected range of 40 
nm at 0® tilt.
After implantation the samples were annealed in the range 800 to 1000 for times 
up to 60 seconds in flowing nitrogen.
6.4.1. Therma-wave of B* into a-Si and c-Si
Thermawave measurements have been performed to evaluate dose uniformity for all 
the samples at different tilt angles. Figure 6-50 and figure 6-51 shows the average 
therma-wave signal and standard deviation for the two sets of silicon samples at 
different tilt angles.
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Figure 6-50 Therma-wave measurements for 10 keV 5xlO'^ cm"^  B for pre-
amorphised (a-Si) and crystalline wafer (c-Si) samples at different tilt angles.
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Figure 6-51 Standard deviationof thermawave signal for 10 keV 5*10’^  ^ cm'^ B for 
pre-amorphised (a-Si) and crystalline wafers (c-Si) at different tilt angles.
Fig. 6-50 shows that pre-amorphised samples have a high average TW around 29000 
a.u. Implantation of boron in c-Si results in a decrease to 1000 a.u in average TW 
signal. Boron is a light ion and it can produce an amorphous layer only if it is 
implanted to a very high dose. This explain the decrease of an order of magnitude in 
TW average signal compared with antimony that has been implanted to the same 
dose. Once again all the samples show very good uniformity. The TW uniformity is 
between 0.1 and 0.3% for all the samples at all tilt angles.
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6.4.2. SIMS analysis on at different tilt angles.
SIMS analyses have been performed to determine boron depth profiles in silicon 
samples obtained following different angles of implant, pre-amorphisation and 
thermal treatment. The analyses have been performed by using an O2 beam with an 
impact energy of 3 keV. The quantification has been obtained using a boron certified 
standard. The sputtering rate has been determined by measuring the final crater depth 
using a stylus profilometer Tencor P-15. The analyses accuracy is 5%.
In figure 6-52 to 6-63 the SIMS boron profiles performed on pre-amorphised and 
crystalline samples are shown. The boron profile (black line) refers to the left axis, 
the silicon signal (green line) refers to the right axis (counts). The vertical dashed 
line shows the limit of the region which has been altered where the sputtering 
conditions are not in equilibrium and the quantification cannot be accurate because 
of a rapid variation of the sputtering yield and the ion yield. The extent of this region 
depends on the sputtering conditions. In this analyses SIMS profiles are reliable after 
7 nm. The samples implanted at 30*^  and 45® tilt (fig. 6-54 and 6-55) have been 
analysed three times to determine the analytical repeatability which is shown to be 
excellent.
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Figure 6-52 SIMS atomic profile o f 10 keV 5x10’“^ B cm '^ for 0® tilt into a-Si as
implanted.
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Figure 6-53 SIMS atomic profile of 10 keV 5x10''^ B cm‘“ for 15® tilt into a-Si as 
implanted
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Figure 6-54 SIMS atomic profile o f 10 keV 5x10'"* B cm'  ^ for 30® tilt into a-Si as
imlanted
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Three separate profiles are shown to demonstrate the excellent repeatability of the 
technique
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Figure 6-55 SIMS atomic profile of 10 keV 5x10’"^ B cm'^ for 45® tilt into a-Si as 
implanted.
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Figure 6-56 SIMS atomic profile o f 10 keV 5x10*"^  B cm'  ^ for 60® tilt into a-Si as
implanted.
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Three separate profiles are shown to demonstrate the excellent repeatability of the 
technique. In figure 6-57 the boron SIMS profiles of pre-amorphised samples 
implanted at different tilt angles are compared and show clearly how the profiles 
move towards the surface with increasing tilt angle.
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Figure 6-57 SIMS atomic profile of 10 keV 5x10*'^  B cm'^ at different tilt angle into 
a-Si as implanted.
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Figure 6-58 SIMS atomic profile o f 10 keV 5x10’'' B em‘‘^ for 0*^  tilt into c-Si as
implanted.
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Figure 6-59 SIMS atomic profile of 10 keV 5x10'"  ^ B cm'" at 15“ tilt into a-Si as 
implanted.
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Figure 6-60 SIMS atomic profile o f 10 keV 5xlO'^ B cm'  ^ at 30“ tilt into c-Si as
implanted.
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Figure 6-61 SIMS atomic profile of 10 keV 5x10’"^ B cm'  ^ at 45° tilt into c-Si as 
implanted
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Figure 6-62 SIMS atomic profile o f 10 keV 5x10'"* B cm'  ^ at 60° tilt into c-Si as
implanted
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Figure 6-63 Comparison of boron profiles at different tilt angle into c-Si as 
implanted.
In figure 6-64 to 6-67 are reported the the boron profiles evolution in pre-amorphised 
and crystalline samples at 0® and 60“ tilt annealed at 1000 “C for 30 seconds.
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Figure 6-64 SIMS atomic profiles for 10 keV 5x10^  ^ cm " B into a-Si at 0“ tilt 
annealed at 1000 “C for 30 s.
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Figure 6-65 SIMS atomic profiles for 10 keV 5x10*'* cm'  ^ B into c-Si at 60® tilt 
annealed at 1000 ®C for 30 s.
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Figure 6-66 SIMS propfiles for B 10 keV dose 5x1 O*'* cm'^ on c-Si at 0° tilt annealed 
at 1000 ®Cfor 30 s.
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Figure 6-67 SIMS atomic profiles for 10 keV 5x10'"  ^ cm'  ^ B into c-Si at 60® tilt 
annealed at 1000 ®C for 30 s.
SIMS measurements show a reduction in the retained dose for as implanted and 
annealed samples. The reduction in retained dose according to SSUPREME4 is due 
to backscattering of boron ions from the silicon surface. After annealing the retained 
dose decreases due to boron out-gassing.
In crystalline samples the Rp decreases with the tilt angle. The higher value at 0® in 
Rp and junction depth is due to severe channelling affecting the atomic distribution. 
The straggle and peak concentration are a function of the tilt angle:
Rp =RpoCOS0
Op = 2.4x[(AR,sin0)^ + (ARpCOs0)" |  ^
where AR| and ARp respectively the lateral and projeeted standard deviation, Rpo is 
the Rp when 0=0.
The straggle shows the same trend of the peak concentration, decreasing from 8()nm 
at 0® tilt to 38 nm to 60® tilt. The profile evolution under annealing is different in pre- 
amorphised and crystalline samples. The effect of germanium results in a reduction 
of the junction depth variation AXj. At 0® tilt AXj is reduced from 54 nm on c-Si to
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24 nm in a-Si. The same reduction is observed at 60® tilt where AXj is reduced from 
64 nm in c-Si to 33 nm in a-Si.
The experimental data: dose, projected range Rp depth, straggle ARp and junction 
depth are summarised in table 6-11.
Sample Dose
[at/cm^]
Peak cone, 
[at/cm^]
Rp
[nm]
Op
[nm]
Junction depth 
Xj [nm]
BO a-Si 5.0x10'" 1.03x10“ 41.7 4&0 95
B15 a-Si 5.0x10'" 1.04x10“ 3&8 4&0 94
B30 a-Si 4.7x10'" 1.04x10“ 3T5 4T6 90
B45 a-Si 4.5x10'" 1.05x10“ 2&0 42^ 84
B60 a-Si 3.7x10'" 1.1x10“ 17.5 36.7 76
BO c-Si 4.8x10'" 5.1x10"* 52.4 82.7 216
B15 c-Si 4.6x10'" 5.4x10'" 36.2 55.1 177
B30 c-Si 4.2x10'" 6.8x10'" 32.0 49.4 157
B45 c-Si 4.1x10'" 7.8x10'" 29.0 46.0 122
B60 c-Si 4.0x10'" 1.0x10“ 20,1 38T 109
Samples annealed at 1000 ®C for 30 sec
BO c-Si 4.4x10'" 3.6x10^^ 49.6 117 270
B60 c-Si 3.0x10'" 5.9x10^^ 64.3 / 173
BO a-Si 4.7x10'" 9.1x10'"' 45 / 129
B60 a-Si 2.7x10'" 6.6x10'"' 71 / 109
Table 6-11 SIMS data for boron at different tilt angle on pre-amoiphised and 
crystalline samples
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6.4.3. SSUPREME4 simulations for
In this section we have simulated the boron profile at different tilt angles using the 
SSUPREM4 simulation software from SILVACO® and compared with SIMS data. 
Figure 6-68 to 6-72 show the experimental and simulated atomic profiles of boron 
for all the tilt angles on pre-amorphised and crystalline samples.
The simulated profiles are obtained using a Monte Carlo implant model with a 
statistic of 100000 ions.
The atomic profile (see fig. at 0® tilt) has been obtained using a Single Verified Dual 
Pearson model [13]. The simulated profile is in excellent agreement with the SIMS 
profile for the 0® tilt on a-Si. The sample in c-Si presents a discrepancy of 10% on the 
junction depth for 0® tilt.
All the other samples implanted at different tilt angles show excellent agreement 
between the SIMS and simulated profiles.
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Figure 6-68 Comparison of SIMS and simulated data for at 0® tilt in a-Si and c- 
Si.
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Figure 6-69 Comparison of SIMS and simulated data for at 15° tilt in a-Si and c- 
Si.
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Figure 6-70 Comparison of SIMS and simulated data for at 30° tilt in a-Si and c-
Si.
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Figure 6-71 Comparison of SIMS and simulated data for at 45° tilt in a-Si and c- 
Si.
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Figure 6-72 Comparison of SIMS and simulated data for B at 60° tilt in a-Si and c-
Si.
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6.4.4. Electrical results of B* at different tilt angles
The Van der Pauw technique was employed to measure the sheet resistance, sheet 
Hall mobility and the sheet carrier concentration. Figures 6-73 to 6-78 show the sheet 
resistance, sheet Hall mobility and sheet carrier concentration as a function of the tilt 
angle for pre-amorphised and crystalline wafers for all annealing temperatures and 
times.
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Figure 6-73 Sheet resistance for 10 keV, 5x10*“* ions/cm" at different tilt angles 
for different annealing temperature fixing t=30sec for pre-amorphised (a-Si) and 
crystalline sample (c-Si).
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Figure 6-74 Sheet resistance for 10 keV, 5x10’"^ ions/cm^ at different tilt angles
for different annealing time at T=1000 sec for pre-amorphised (a-Si) and crystalline
sample (c-Si).
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Figure 6-75 Sheet carrier concentration for 10 keV, 5x10*'^  ions/cm^ at different 
tilt angles for different annealing temperature fixing t=30sec for pre-amorphised (a- 
Si) and crystalline sample (c-Si).
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Figure 6-76 Sheet carrier concentration for 10 keV, 5x10^ "^  ions/cm'  ^ at different
tilt angles for different annealing time at T=1000 °C for pre-amorphised (a-Si) and
crystalline sample (c-Si).
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Figure 6-77 Hall mobility for 10 keV, 5x10'“^ ions/cm" at different tilt angles for 
different annealing temperatures for t=30sec for pre-amorphised (a-Si) and 
crystalline sample (c-Si).
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Figure 6-78 Hall mobility for 10 keV 5x10’"^ ions/cm^ at different tilt angles at
different annealing times for T=1000sec for pre-amorphised (a-Si) and crystalline
sample (c-Si).
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The sheet resistance for a-Si is higher than that of c-Si, which is consistent with the 
shallower profile associated with pre-amoiphisation. An increase in the temperature 
of annealing results in a lower sheet resistance due to the damage repairing process 
occurring as a result of thermal annealing. The sheet carrier concenti ation decreases 
as a function of the tilt angle due to dose loss by the boron atoms backscattered from 
the silicon surface. If we calculate the electrically active dopant (as the ratio between 
the sheet carrier concentration and the retained dose measured by SIMS) we can 
observed that it is ar ound 100% at 0° and 60° tilt for c-Si and 78% and 80% at 0 and 
60 tilt respectively on a-Si samples annealed at 1000 C for 30 seconds. The effect of 
Ge pre-amoiphisation results in a shallower junction depth and in a higher sheet 
resistance. The electrically active dopant does not depend on the tilt angle because 
the peak concentration is below the solid solubility limit. So at high annealing 
temperature the boron will be fully activated. The Hall mobility is constant for all the 
tilt angles. The change of time of annealing between 10 and 60 seconds does not 
change significantly the value of sheet resistance, sheet Hall mobility and sheet 
carrier concentration, longer annealing times are required to produce relevant 
changes in the electrical properties.
6.4.5. DHM for at different tilt angles
DHE measurements were performed on boron implanted samples (see figures 6-79 to 
6-82) in order to obtain information about the electrical profiles at two different tilt 
angles (0°and 60° tilt) for pre-amorphised and crystalline samples and compared with 
annealed samples measured by SIMS at T=1000°C for t=30sec. The atomic and the 
electrical profiles are very similar because at this temperature of annealing the boron 
has been fully activated confirming the Hall data measurements.
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Figure 6-79 Carrier concentration profiles of 10 keV B at 0° tilt; dose 5x10’"^ cm'  ^ at 
T=1000 °C and t=30 s for a-Si. The annealed profile at T=1000 °C, obtained by 
SIMS is shows for comparison.
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Figure 6-80 Carrier concentration profiles of 10 keV B at 60° tilt; dose SxlO*'* cm^
at T=1000 °C and t=30 s for a-Si. The annealed profile at T=1000 °C, obtained by
SIMS is shows for comparison.
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Figure 6-81 Carrier concentration profiles of 10 keV B at 0° tilt; dose SkIO’"* cm " at 
T=1000 °C and t=30 s for c-Si. The annealed profile at T=1000 °C, obtained by 
SIMS is shows for comparison.
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Figure 6-82 Carrier concentration profiles of 10 keV B at 60° tilt; dose 5x10*"^  cm'^
at T=100() °C and t=30 s for c-Si. The annealed profile at T=1()00 °C, obtained by
SIMS is shows for comparison.
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In Table 6-12 are summarised the results obtained from Hall and DHM 
measurements.
Tilt angle 
(degrees)
Electrical activation 
(Hall)
(%)
Electrical activation 
(DHM)
(%)
Pre-
amorphised
0 98 97 Yes
60 97 98 Yes
0 99 96 No
62 97 95 No
Table 6-12 Activation of implanted dopant with different techniques for 10 keV B 
after annealing at 1000 °C for 30 sec.
The electiical activation from Hall measurements is given by the ratio between the 
sheet caiTier concentiation and the retained dose whilst the electiical activation ft om 
DHM is obtained ftom the area under the electiical profile divided by the retained 
dose for each tilt angle. As results are approximately equal, the two measurements 
are consistent.
6.5. Summary
This chapter presented a discussion data for implants of As, Sb and B implanted into 
a-Si and c-Si over a large range of tilt angles. Following annealing, atomic and 
electiical profiles were measured to determine the effect of these various implanting 
annealing parameters. Data was compared with a simulation package and found to 
agree quite well for B and Sb in a-Si. Some difference was found in the tail of the Sb 
implanted in c-Si. These results improve our general knowledge and understanding 
of the technologically important large tilt angle implants used by industry.
128
Bibliography
[1] C.Jeyiies, N.P.Barradas, M.J.Blewett, R.P.Webb, Improved ion beam analysis 
facilities at the University of Surrey, Nucl Instr. and Methods B 136-138 (1998) 
1229-1234
[2] G.Boudreault, CJeynes, E.Wendler, A.Nejim, R.P.Webb, U.Watjen, Accurate 
RBS measurement of ion implant doses in silicon, Surf, and Interf. Anal 33 (2002) 
pp.478-486
[3] M. Bianconi, F. Abel, J.C. Banks, A. Climent Font, C. Cohen, B.L. Doyle, et al, 
Nucl. Instrum. Methods Phys. Res. B 161-163 (2000) pp.293
[4] N.P. Barradas, C. Jeynes, R.P. Webb, E. Wendler, Accurate determination of the 
stopping power of 4Fie in Si using Bayesian inference, Nucl. Instr. and Methods B 
194 (2002) pp. 15-25
[5] B.L. Crowder “The influence of the amoiphous phase on ion distribution and 
annealing behaviour of group III and Vions implanted in silicon” J. of Electrochem. 
Soc. Solid State Science Vol.118 n.6 (1971) pp. 943-951
[6] N. P. Barradas, C. Jeynes, and R. P. Webb “Simulated annealing analysis of 
Rutherford backscattering data” Applied Physics Letters (1997) Vol. 71, Issue 2, pp. 
291-293
[7] M.Kase, IC. Okabe, T.Kubo, M. Saitoh, N.tamura, and H.Mori FEOL technology 
for fabricating high performance logic and system LSI of 100 nm node IIT 2000 
Proceeding pp.91-94
[8] S.M. Sze “VLSI technology “ ed. McGraw-Hill International (1988) pp. 17
[9] K.S. Jones, S.Pmssin, and E.R. Weber, Appl. Phys. A vol.45, (1998) pp. 1-5
[10] S.M. Sze “VLSI technology “ ed. McGraw-Hill International (1988) pp.278
[11] B.L. Crowder “The influence of the amorphous phase on ion distribution and 
annealing behaviour of group III and Vions implanted in silicon” J. of Electrochem. 
Soc. Solid State Science Vol.118 n.6 (1971) pp. 943-951
[12] A. Dan, A.F. Willoughby, J.M. Bonar, B.M. McGrgor, M.G. Dowsett and T.J. 
Orsmsby “Antimony and boron diffusion in silicon and silicon germanium under the 
influence of points defects injection by rapid thermal annealing” MRS Synip. Proc. 
Vol. 669 pp. J8.2.1-6
[13] ATHENA Users manual pag 3-46 SILVACO International April 1997
129
7. C o n c l u s io n s  AND FUTURE WORK
7.1. Conclusions
In this project the effect of the tilt angle on the atomic and for the first time on the 
electrical properties for arsenic, antimony and boron ions implanted into pre-amoiphised 
and crystalline wafers have been investigated. The influence of the tilt angle on the 
electrical parameters such as: sheet resistance (Rg), Hall mobility (pn) and sheet cairier 
concentiation (Ng) was investigated using the Van der Pauw technique and Hall effect. 
All the three ions have been implanted at different energy in order to match the projected 
range at 40 nm at 0° tilt. The principal results of this thesis are:
• RBS measurements and SIMS analysis have shown that an increase of the tilt 
angle results in a shallow and narrower profile with a lower junction depth and a 
higher peak concentration.
• For Sb implanted in a-Si and c-Si a significant relationship has been found 
between substitutional fraction measured by RBS and electrically active dopant 
(defined as the ratio between the sheet carrier concentration measured by Hall 
effect and the retained dose measured by SIMS).
• For all the ions implanted the Rg and the Ng have shown a dependence on the tilt 
angle for all the annealing conditions (temperature and time).
• The ph have been found to be independent of the tilt angle for the implanted ions 
and for all the annealing conditions.
• DHE measurements have been carried out to evaluate the electrical profile as a 
function of the depth and compared with SIMS to study the diffusion of the 
dopant at different tilt angles.
• The absolute dosimetry and imifonnity of the SWIFT implanter has been 
validated by Rutherford backscattering (RBS) measurements with an error of 
1.4%.
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Arsenic implanted in a^Si and c-SL
• RBS measurements have been performed in order to check the retained dose on 
as implanted and annealed samples. No dose loss was found on as implanted 
samples for tilt angles between 0° and 45°.
• After annealing, in pure nitrogen ambient, a 10% dose loss was measured for all 
samples due to out-gassing of As.
• Rs and Ng are fonction of the tilt angle. In particular a significant reduction in the 
value of Rg and an increase in the electrical activation has been observed at 1000 
°C due to the de-clustering of As atoms.
• The pre-amoiphisation with Ge has produced an increase of activation of 5%.
• Integration of the carrier profiles obtained fioin DHM measurements have 
confinned the electrical activation data (sheet carrier concentration) horn Hall 
measurements for all the tilt angle investigated.
Antimony implanted in a-Si and c-Si.
• RBS measurements have been performed in order to check the retained dose on 
as implanted and annealed samples. No dose loss was found on as implanted 
samples for tilt angles between 0° and 60°.
® The investigation of the electiical parameters has shown that the Rg and Ng are
function of the tilt angle.
• Increasing the aimealing temperature has resulted in a significant deactivation of 
the dopant.
• DHM measurements have shown that the peak concentration up to 800 °C is of 
1x10^  ^cm' ,^ which is above the solid solubility reported in the literature and that 
diffusion of the dopant starts at 900 °C.
Boron implanted in a-Si and c-Si.
• SIMS measurements have shown tliat the retamed dose, the junction depth and 
the straggle are fonctions of the tilt angle.
• Out diffosion of boron after annealing has also been observed.
• The pre-amorphisation with germanium avoiding channelling has significantly 
reduced the junction depth.
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• The investigation of the electiical parameters has shown that Rg and Ng are 
functions of the tilt angle.
• DHM measurements have shown a significant agreement with Hall data and a 
very good similarity between SIMS and DHM profiles.
7.2. Discussion of future work
Further investigations should be focused on implants at different energies, in order to 
quantify the effect of sputtering and backscattering at different tilt angles.
A study of samples implanted at different tilt angle should be conducted in order to 
investigate the electrical behaviour at angles in which channelling occurs and to check 
the capability of the SWIFT implanter to control the tilt angle with an error of 0.5%.
An investigation should be done regarding the electiical behaviour of Indium implanted 
at different tilt angles at low energy (10-50 keV) and compared with boron for different 
temperature and time of annealing and different doses for application in LDD transistor. 
A study should be canied out from samples implanted at different tilt angles but with 
different pre-amoiphisation conditions (germanium or silicon) at different doses and 
energy.
An investigation of the implanted ion at different doses at high energy (100-400 keV) 
for tilt angle up to 80 degrees (temperature and time) should also be conducted to study 
backscattering and sputtering for different ion implanted for potential application in 
buried CMOS technology.
TEM measurements should be carried out to reveal the presence of precipitates and or 
formation and dissolution of extended defects and their correlation with the electrical 
properties. In addition, better understanding of the damage behaviour after implant and 
anneal is needed particularly for cases of identical implant doses and energies but 
different incident angles.
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